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[. SUMMARY

I. SUMMARY

Human natural killer (NK) cells are innate immunity CD56 CD3" lymphocytes, mediating
spontaneous killing of tumor-transformed cells. The effector functions of NK cells are
regulated by a balance of signals initiated from a variety of activating and inhibitory
receptors. Recognition of HLA class I molecules on the surface of target cells by inhibitory
NK cell receptors (e.g. KIR and NKG2A) ensures that healthy ,self’ cells are protected from
NK cell lysis. The loss of HLA class I molecules as a consequence of tumor transformation
renders cells susceptible to NK-cell mediated lysis. The cytolytic function of NK cells is
dependent on activating receptors, which become engaged by specific cell surface molecules
expressed on target cells.

The best characterized activating immunoreceptor is NKG2D, which triggers cellular
cytotoxicity and cytokine production upon engagement with its ligands, ULBP and MICA/B
molecules. NKG2D ligands (NKG2D-L) are rarely expressed on healthy cells, but frequently
upregulated in response to cellular changes caused by malignant transformation. In healthy
tissue, inappropriate overexpression of NKG2D-L can trigger autoimmunity. This indicates
that NKG2D-L expression has to be tightly regulated to avoid destruction of untransformed
tissue, but at the same time to allow recognition and elimination of tumor cells. The molecular
mechanisms controlling NKG2D-L expression are poorly understood. Numerous studies
demonstrated that different cells and tissues express NKG2D-L transcripts but lack any
expression of the corresponding proteins on the cell surface. These findings suggest that

NKG2D-L are, at least partly, regulated at post-transcriptional level.

In the first part of the thesis, we examined the involvement of post-transcriptional
mechanisms in regulation of the NKG2D-L, ULBPI1. Analysis of the 2.4 kb-long ULBP1-
3’UTR revealed the presence of four ARE motifs and more then 200 putative microRNA
binding sites, regulatory elements which mediate RNA degradation and translational
repression. Using luciferase reporter assays, we showed that the full-length 3°’UTR of ULBP1
is markedly involved in regulation of ULBP1 gene expression in human cancer cell lines and
human primary foreskin fibroblasts. The involvement of ARE elements in negative regulation
of ULBP1 gene expression was excluded by mutating ARE motifs in two regions of the

ULBPI1-3’UTR. The role of candidate microRNAs in regulation of ULBP1 was examined by

11



[. SUMMARY

mutating the putative microRNA binding sites, or by silencing or overexpression of candidate
microRNAs. However, we could neither support nor disprove our hypothesis that microRNAs
are involved in regulation of ULBP1 expression, and therefore further studies are needed to
elucidate the role of microRNAs. Despite the inconclusive outcome on the microRNA studies,
our work provided the first evidence that the regulation of ULBP1 expression takes place on a
post-transcriptional level and involves the ULBP1-3’UTR as mediator of RNA destabilization
and translational repression.

In the second part of the thesis, we investigated the effect of histone deacetylase
inhibitors (HDACi) on surface expression of NKG2D-L in primary human fibroblast (HFF)
and AML blasts. Treatment of HFF with trichostatin A (TSA) increased surface expression
and transcript level of ULBP1. By using luciferase assay we revealed, that post-transcriptional
mechanisms might participate in the upregulation of ULBP1 expression. Treatment of AML
blasts with valproic acid (VA) also induced surface expression of NKG2D-L resulting in
enhanced killing by NK cells. Efficient cytolysis of AML blasts was achieved by generating
alloreactive NK cell lines with KIR-HLA class I mismatch, which allowed to circumvent the

signaling by inhibitory NK cell receptors.
Taken together, these data demonstrate, that ULBP1 is regulated by post-

transcriptional mechanisms and that the activation of NK cell can be augmented by

pharmacological induction of NKG2D-L and the use of alloreactive NK cells.

12



II. INTRODUCTION — Natural Killer Cells

II. INTRODUCTION

1. Natural Killer Cells (NK)

Human NK cells are crucial components of the innate immune system and play an important
role in defense against virus-infected and tumor transformed cells." They comprise about 5 -
15 % of all circulating lymphocytes and are phenotypically characterized by expression of
CD56 and lack of CD3 cell surface antigens.”” NK cells are present in peripheral blood,
lymph nodes, spleen, bone marrow, liver, peritoneal cavity and placenta.*” In contrast to T
cells, NK cells are able to kill target cells rapidly without prior stimulation or exposure to a

specific antigen and therefore control infections and tumor growth in an early stage.’

1.1 NK cell subsets

Two distinct NK cell subsets (Fig. 1 and 2) can be defined, based on the surface expression of
CD56, an isoform of the human neuronal-cell adhesion molecule with unknown function, and
the Fey receptor III (CD16).>” The majority (~90%) of human NK cells expresses low levels
of CD56 and high density of CD16 antigen (CD56“™CD16"¢" NK cells). These cells are
potent effectors mediating antibody-dependent and natural cytotoxicity due to their ability to
form conjugates with target cells and their high content of cytolytic granules.*® The cytokine
production by CD56%™ cells is negligible even following specific stimulation.” A minor
subset of about 10% of NK cells, displaying a CD56™¢"CD16%™ phenotype, is producing
abundant immunoregulatory cytokines such as interferon (IFN)-y, tumor necrosis factor
(TNF)-a,, TNF-B, interleukine (IL)-10, IL-13, macrophage inflammatory protein (MIP)-la
and granulocyte-macrophage colony-stimulating factor (GM-CSF) upon stimulation with
monokines, while exhibiting low cytotoxicity.”'® Therefore a major function of CD56""#" NK
cells might be to provide macrophages and other antigen-presenting cells with IFN-y and
other cytokines for early host defense against a variety of viral, bacterial and parasitic

pathogens.>’
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II. INTRODUCTION — Natural Killer Cells

CD5ePright

CD56-PE

CcD5gdm

CDr6-FITC
Figure 1: Flow cytometric analysis of CD56""*" and CD56"™ NK cells.* Approximately 90% of all human
NK cells are CD56%™ NK cell (blue box) and exhibit high-density surface expression of CD16. CD56"" NK
cells (red box) comprise ~10% of NK cells and express low levels of CD16. Abbreviations: PE, phycoerythrin;

FITC, fluorescein isothiocyanate.

In addition, CD56"™ cells exhibit high levels of the inhibitory killer cell
immunoglobuline-like receptors (KIR) on the cell surface whereas the predominant NK cell
receptor (NKR) on CD56™€" is CD94/NKG2A.*’ Further characteristics of CD56"™ cells is
the expression of the chemokine receptors CXCRI1, CX3CR1 and CXCR4 suggesting that
these cells may be attracted to sites of acute inflammation.'’ In contrast, CD56™¢" cells
constitutively express the adhesion molecule L-selectin (CD62L) and the chemokine receptor
CCR7 which enables them to migrate through endothelial venules into the lymph node, where
they interact with cells of the adaptive immune system.'> Whereas CD56"™ cells express only
intermediate affinity IL-2 receptors (IL-2RPy) and are therefore weak responders to high
doses of IL-2, CD56™"¢™ cells additionally express the high affinity IL-2 receptor (IL-2Rapy)
enabling them to expand in response to low (picomolar) concentrations of IL-2 in vitro and in
vivo.”31* Triggering of the receptor tyrosine kinase c-kit, exclusively expressed on CD56™
NK cells, augments the IL-2 induced proliferation.” Both NK cell subsets constitutively
express activating NK cell receptors and receptors for monocyte-derived cytokines including

IL-12, IL-15 and IL-18.3710
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+KIR

Immunoregulatory NK Cell

CD16rimieg

CD5gbran

CD56brigh.
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NK Cell
g ¢
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Figure 2: Subsets of human NK cells’: The immunoregulatory CD56™€"CD16“™ NK cells produce high levels

of cytokines upon stimulation with monocyte-derived cytokines. Natural cytotoxicity as well as antibody-

dependent cellular cytotoxicity is poor. CD56™CD16™"" NK cells are highly cytotoxic and exhibit low

production of cytokines.

Table 1: Human activating and inhibitory NK cell receptors and their corresponding ligands

type activating receptors ligands inhibitory receptors ligands
KIR2DS1 HLA-C group 2 KIR2DL1 (CD158a) HLA-C group 2
= KIR2DS2 HLA-C group 1 KIR2DL2 (CD158b) HLA-Cgroup 1
-
% g KIR2DL4 HLA-G KIR2DL3 (CD158b) HLA-C group 1
;<
o
= % KIR2DS4 unknown KIR2DL5 unknown
g <
E % KIR2DS5 unknown KIR3DL1 (CD158¢) HLA-Bw4
% KIR3DS1 unknown KIR3DL2 HLA-A3, -Al11l
KIR3DL7 unknown
0 9 CD94:NKG2C HLA-E CD94:NKG2A/B HLA-E
v
Q =
2 c CD94:NKG2E/H HLA-E
o
2L NKG2D MICA, MICB, ULBP (RAET)
_ 20 NKp46 viral hemagglutinins, ?
g% g
§ % § NKp44 viral hemagglutinins, ?
o 0
S« NKp30 pp65, BAT-3, ?
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II. INTRODUCTION — Natural Killer Cells

1.2 NK cell receptors

NK cell receptors (NKR) are crucial for distinguishing autologous normal cells from
transformed or foreign cells. On human NK cells three major subsets of NKRs have been
described (Table 1): KIRs and receptors of the C-type lectin superfamily (CD94:NKG2),
which both recognize MHC class 1 and MHC class I-like molecules, as well as natural

cytotoxicity receptors (NCRs), whose ligands remain poorly defined.

1.2.1 Killer immunoglobulin like receptors (KIR)

KIRs are a polymorphic set of proteins which are clonally distributed in the NK cell repertoire
and recognize HLA-A, -B and -C on target cells.”” KIRs are structurally characterized by
either 2 (KIR2D) or 3 (KIR3D) extracellular immunoglobulin (Ig) like domains. The
functional properties of KIRs are determined by the length of their cytoplasmatic tails: KIRs
with a long tail (KIR2DL and KIR3DL) mediate an inhibitory signal due to the presence of
immunoreceptor tyrosine-based inhibition motifs (ITIM), while the short tail receptors
(KIR2DS and KIR3DS) elicit activating signals due to their association with adaptor proteins
bearing immunoreceptor tyrosine-based activating motifs (ITAM).” All inhibitory KIRs use
the same mechanism for signal transduction (Fig. 3), regardless of the diversity of
extracellular ligand-binding domains. Binding of MHC class I molecules to KIRs triggers
phosphorylation of the ITIM by SRC family kinases and therefore allows binding of the
tyrosine phosphatase SRC homology 2 domain-containing phosphatase 1 (SHP-1).'° In
consequence, multiple targets in the ITAM-activating pathway are dephosphorylated by SHP-
1 resulting in inhibition of signalling. In contrast, binding of ligands to activating KIRs results
in SRC family kinase-mediated phosphorylation of ITAM motifs, located in the associated
adapter molecule DAP12 (DNAX-activating protein 12kDa). Subsequent binding of SYK

. . . . . . 1
family tyrosine kinases triggers downstream activation cascade.'’
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iA-C HLA—C

g

KIR2DL KIR2DS
g L
E P

DAP-12

INHIBIT
ACTIVATE

Figure 3: Function of inhibitory and activating KIRs"’

The highly polymorphic KIR genes are located in the leukocyte receptor cluster on
chromosome 19p13.4, one of the most variable regions of the human genome.'® Based on the
content of KIR genes, two KIR hapolotypes, termed A and B, have been defined."” Both
haplotypes consist of four framework genes: KIR2DL4, KIR3DL2, KIR3DL3 and KIR3DP1.
In A haplotype, four additional genes (KIR2DL1, KIR2DL3, KIR2DS4 and KIR3DL1),
which exhibit high allelic variability, are encoded in the genome. Among these, KIR2DS4 is
the only activating KIR encoded by the A haplotype. The B haplotype is defined by the
presence of the framework genes and one or more genes encoding for the inhibitory KIRs,
KIR2DL5A/B and KIR2DL2, and the activating KIRs, KIR2DS1/2/3/5 and KIR3DS1. Thus,
the variability in the B haplotype is created by presence or absence of genes, encoding for the
inhibitory or activating KIRs, and to less extent by alleles.

The predominant ligands for KIR receptors, involved in the inhibitory regulation of
human NK cells, are encoded in the HLA-C locus. Based on the amino acid residues in
position 77 and 80 in the al helix of the HLA-C molecule, these molecules can be
distinguished into two groups, C1 and C2."” Group C1 alleles are characterized by Ser77 and
Asn80 and are recognized by the inhibitory receptors KIR2DL2 and KIR2DL3, as well as the
activating KIR2DS2 and KIR2DS3. Group C2 alleles have Asn77 and Lys80 and bind to
inhibitory KIR2DL1 and activating KIR2DS1. Furthermore, the inhibitory receptor KIR3DL1
binds the HLA-Bw4 epitope at amino acid residues 77-83.
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II. INTRODUCTION — Natural Killer Cells

1.2.2 CD94:NKG?2 receptors

CD94:NKG?2 receptors belong to the C-type lectin family and are expressed as heterodimers
on the majority of NK cells and a small subset of CD8" T cells.”’ These receptors are
composed of a common subunit CD94 covalently bound to a member of the C-type lectin
NKG2 family, and recognize non-classical HLA-E molecules.”’ Since CD94 lacks a
cytoplasmic domain for intracellular signal transduction, signalling is mediated through the
extracellular and cytoplasmatic domains of the NKG2 molecules.” The NKG2 gene family
consists of five related transcripts, encoded on chromosome 12, and include NKG2A (and its
splice variant NKG2B), NKG2C, NKG2D, NKG2E (and its splice variant NKG2H) and
NKG2F.* Among these, NKG2D is unique, since it does not associate with CD94, but with
DAP10 and DAP12 (see 2.1.4). CD94:NKG2A/B is the only inhibitory receptor of this group
and signals through a long intracytoplasmatic tail at the NKG2 subunit, containing ITIM
motifs.”> In contrast, all other NKG2 are composed of short cytoplasmatic tails and mediate

activating signals through association with ITAM-containing adapter molecules.

1.2.3 Natural cytotoxicity receptors

The natural cytotoxicity receptors (NCRs) NKp30, NKp44 and NKp46 were identified based
on their role in natural cytotoxicity towards tumor cells and are exclusively expressed on NK
cells.***® Whereas NKp30 and NKp46 are expressed on resting and activated NK cells,
NKp44 is induced upon IL-2 stimulation.”” All NCRs are transmembrane glycoproteins
belonging to the Ig superfamily, however share little structural similarity with each other (Fig.
4) and with known human cell surface molecules.”” Due to lack of signaling motifs in the
cytoplamic regions, NCRs associate with the signal transducing adapter proteins CD3C,
FceRIy or DAP12, containing ITAM motifs. This interaction is stabilized through positively
charged amino acids in the transmembrane region of the NCRs. Crosslinking of NCRs with
monoclonal antibodies induces natural cytotoxicity, cytokine production and Ca®’
mobilization. The cellular ligands for NCR are not well defined. NKp44 and NKp46 has been
shown to bind viral haemagglutinins (HA) through interaction of NKp44- and NKp46-
associated sialic acid residues with sialic acid binding sites of the HA-complex™™

Furthermore, heparan sulfate proteoglycans on target cells are recognized by NKp30 and
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NKp46 and might be involved in tumor killing.*' Interestingly, interaction of pp65, a HCMV
protein, with NKp30 results in supression of NK cell cytotoxicity.”” As examined with Fc
fusion proteins, ligands of NKp44 and NKp46 (NCR-L) are expressed on malignant

33-34

melanocytes. Furthermore, variable levels of NCR-L are expressed on monocytes and

granulocytes of AML patients, whereas malignant blasts are NCR-L low or negative.>

NKp46 NKp30 NKp44

C2 v
v
2 o 4 DAP12
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—— |
—a— |
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Figure 4: Natural cytotoxicity receptors (modified from®®)

1.2.4 NKG2D and NKG2D ligands (NKG2D-L)

NKG2D receptor

The activating NK cell receptor NKG2D (natural-killer group 2, member D) is a homodimeric
lectin like immunoreceptor expressed on NK cells, subsets of T cells (NKT cells, CD8" T
cells, and yo T cells) and on myeloid-lineage interferon-producing killer dendritic cells
(IKDCs).>”® Triggering of NKG2D mediates costimulation in cytotoxic T lymphocytes
(CTL) and/or activation in NK cells, resulting in proliferation, cytokine production and NK
cell cytotoxicity.****

Signaling of human NKG2D requires noncovalent association with the small adaptor
protein DAP10, since NKG2D lacks intracellular signalling domains (Fig.5). Stimulation of
NKG2D results in phosphorylation of the YxxM motif in the cytoplasmatic domain of
DAP10, and subsequent recruitment and phosphorylation of Phosphoinositide 3-kinase

(PI3K) and growth factor receptor-bound protein 2 (Grb2) induces cytotoxicity and IFNy
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production.’” In mice, two cell type specific splice variants of NKG2D exists: the short form
(NKG2Dyghort) associates with DAP10, whereas the long form (NKG2Dy,n,) 1s capable to
associate with DAP10 or the adaptor protein DAP12 (Fig. 5). Signaling via DAP12 involves
ITAM and is dependent on the protein tyrosine kinases SYK and/or ZAP-70.%*3%4

NKG2D plays an important role in antitumor response. When NKG2D-deficient mice
were crossed with transgenic mice spontaneously developing cancer, accelerated tumor
growth was observed.* Furthermore, enforced expression of NKG2D ligands (NKG2D-L) in
tumor cells lead to a potent NKG2D-mediated rejection of tumors in vitro and in vivo,
whereas blocking of NKG2D markely reduced killing of various tumor cell targets. *'*>*
Neutralizing of NKG2D with an a-NKG2D monoclonal antibody (mAb) enhanced the
chemically induced de novo formation of fibrosarcoma.”® However, tumors have developed
evasion strategies to circumvent NKG2D dependent immunosurveillance. Tumor cells are
able to reduce surface of NKG2D-L by sheding. Subsequent binding of soluble ligands
induces endocytosis and degradation of NKG2D in NK cells.”’’** Chronic exposure of NK
cells to ligand expressing tumor cells in vitro impaired cytolytic activity against target cells.”
Furthermore, constitutive local overexpression of the ligands in the epithelial cells or in bone

marrow (BM) systemically reduced NKG2D expression in vivo, resulting in impaired NK cell
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Figure 5: Human and murine NKG2D receptors and their ligands®
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NKG2D ligands

Human NKG2D ligands (NKG2D-L) are proteins with a structural similarity to MHC class |
molecules. In humans, two families of NKG2D-L have been described: major
histocompatibility complex class I (MIC)-related molecules and UL-16 binding proteins
(ULBP).*® The MIC family consists of two members, MICA and MICB. MIC genes are
highly polymorphic, with over 70 distinct alleles identified, and are encoded in the human
MHC locus on chromosome 6q21.°*°" MIC molecules are expressed as transmembrane
glycoproteins and possess al, a2, and a3 domains, however unlike the classical MHC class |
molecules, they do not associate with P,-microglobulin.'”” The ULBP molecules were
identified by their ability to bind to the human cytomegalovirus (HCMV) glycoprotein
UL16.”" To date, six members are identified: ULBP1-4, RAETIG and RAETIL,S(”Sg'60 which
are encoded on chromosome 6q25.61 ULBPs contain al and o2 domains and, like MIC, do
not associate with Br-microglobulin. ULBP1-3 and RAETIL are glycosylphosphatidyl-
inositol (GPI)-linked whereas ULBP4 and RAET1G are transmembrane proteins.””®' Murine
NKG2D-L consist of at least nine members: five retinoic acid early transcript 1 proteins
(RAE-1a-¢), the minor histocompatibility antigen H60, two H60 variants (H60b and H60c)
and mouse UL16-binding protein-like transcript 1 (MULT1).* All ligands are homologues of
ULBP1 and share ol and a2 domains. MIC homologues have not been found so far.”’
MULTI and H60 possess transmembrane domains and cytoplamic tails, whereas RAE-1
molecules are GPI-anchored.™

Human NKG2D-L are absent or weakly expressed on normal cells but are upregulated
upon viral infection, tumor transformation or cellular stress.” Interestingly, transcripts for
some ligands are abundantly present in normal tissues, including heart, lung, liver, testis,
placenta, kidney, skeletal muscle and tonsils.***"** MICA and/or MICB (MICA/B) are
expressed at low levels on human intestinal epithelial cells, however are upregulated on some
epithelial tumors and on HCMV infected endothelial and fibroblast cells.***%” In healthy
individuals, ULBP is absent on T cells, NK cells and erythrocytes, whereas B cells and
platelets are ULBP". On monocytes and granulocytes, expression of ULBP is highly variable
among individuals.®® Bone marrow derived CD34" progenitor cells are NKG2D-L™ and
acquire ligand expression during the course of myeloid differentation.®® ULBP is expressed on
most T cell leukemia cell lines, whereas MIC is absent or expressed at low levels. On cell
lines of myeloid and B cell origin, NKG2D-L are not expressed.” On primary leukemic cells
derived from acute myeloid leukemia (AML) and B-cell chronic lymphoblastic leukemia (B-

CLL) patients, low levels of MIC and ULBP molecules were detected.”>**"*"" Aberrant
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NKG2D-L expression has been also linked with autoimmune diseases, including rheumatoid
arthritis, celiac disease and autoimmune diabetes.”*™ In mice, Rael and H60 are silent or
weakly expressed in adult tissue but frequently induced in tumors and in cells infected with
viruses.” Abundant levels of MULT-1 transcripts were measured in several tissues, most
notably in the thymus and MULT-1 expression occurs frequently on primary lymphomas and

adenocarcinomas.”

Regulation of NKG2D-L expression

Expression of NKG2D-L must be tightly regulated to ensure elimination of diseased cells
while avoiding destruction of healthy cells. Although the molecular mechanisms of NKG2D-
L regulation are incompletely understood, recent insights into regulatory mechanisms of
NKG2D-L expression have shown, that regulation may take place on transcriptional, post-
transcriptional and post-translational levels.

NKG2D-L expression is altered at a transcriptional level in response to several stimuli
including heat shock, genotoxic stress, oxidative stress and viral infections (Fig. 6). Retinoic
acid (RA) was the first reagent with potential to modulate NKG2D-L expression:
transcriptional activity of Rae-1 significantly increased in response to RA in mouse
teratocarcinoma cell line and human MIC proteins were upregulated upon treatment with RA
in hepatocellular carcinoma cells.**’® A RA—inducible element was found in the promoters of
Rae-1 family members, suggesting that gene expression is induced at the transcriptional level
by RA.”” Heat shock has been shown to upregulate MICA/B in epithelial cells, due to binding
of heat shock factor 1 (HSF1) to the heat shock elements located in the promoter region.® In
contrast, upregulation of MICA/B in response to CMV infection is not dependent on the
promoter region, but requires the expression of the viral intermediate early genes IE1 and
IE2.”® Treatment with agents provoking DNA damage and stalled replication (e.g. 5-FU,
aphidicolin, cisplatin and UV-C) activates members of the DNA damage response pathway,
ataxia telangiectasia mutated (ATM) or ATM- and Rad3-related (ATR) protein kinases,
resulting in increased expression of NKG2D-L in human fibroblasts and mouse epithelial
cells.”” Oxidative stress induced MIC gene expression in colon carcinoma cells.”**" Activator
protein 1 (AP1), a transcription factor involved in tumorgenesis and cellular stress response
was shown to regulate Rae-1lg, since upregulation of Rae-1¢ is dependent on low levels of

JunB, a member of the APl transcription complex, as shown in JunB deficient mouse
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embryonic fibroblasts.®' Finally, NKG2D-L was induced after transfection of the adenovirus
serotype 5 (AdS5) EIA oncogene into mouse fibrosarcoma cells resulting in NKG2D-
dependent tumor rejection in vivo.™

Transcriptional regulation of NKG2D-L was also reported for hematopoietic cells. In
monocyte-derived dendritic cells (mDC), stimulation of toll-like receptors (TLR) with LPS
poly I:C and RNA virus infection increased expression of ULBP1 and ULBP2, resulting in
mDC-mediated NK cell activation.*” Furthermore, in vitro maturation of DCs is accompanied
by an increase in ULBP1 mRNA and cell surface expression.** LPS-dependent upregulation
of ULBP1-3 and MICA on the cell surface of human macrophages activated NK cell
cytotoxicity resulting in elimination of overstimulated macrophages.* Moreover, stimulation
of mouse macrophages by TLR ligands induced transcripts of all Rae-1 family members in a
MyD88-dependent manner.*® In vitro co-culturing of antigen presenting cells with T cells or
treatment of T cells with superantigens increased NKG2D-L expression on T cells and in
consequence susceptibility to NK cell lysis.*”** Inhibition of ATM and ATR, two members of
the DNA damage response pathway, prevented upregulation of MIC in a NFxB-dependent
manner.*®® Antitumor reagents have been reported to modulate expression of NKG2D-L.
Treatment of primary AML blasts and CD34 CD38" leukemic stem cells with the histone
deacetylase inhibitor (HDACi) valproic acid induced surface expression of NKG2D-L
resulting in increased susceptibility to NK cell lysis.”*® Moreover, low-dose application of
the proteasome inhibitor bortezomib enhanced MICA/B expression on hepatocellular

carcinoma cells.”
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Figure 6: Examples of (A) transcriptional and (B) post-transcriptional regulation of NKG2D ligands®
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As mentioned above, cell surface receptor expression and mRNA levels of NKG2D-L
do not always correlate suggesting that NKG2D-L are at least partly regulated by post-
transcriptional mechanisms. Multiple mechanisms of post-transcriptional and post-
translational regulation of NKG2D-L such as intracellular retention, microRNA involvement,
change of ubiquitination status and proteolytic shedding have been reported (Fig. 6). Infection
of cells with HCMV induces transcription of NKG2D-L genes.* However, HCMV virus has
developed evasion strategies to prevent surface expression of MICB and ULBP1/2 proteins
and therefore elimination of infected cells by NK cells: the viral UL16 protein was found to
bind these ligands resulting in intracellular sequestration and retention.”’> Mandelboim and
colleagues revealed another antiviral defense mechanism of HCMV and other herpesviruses.
Viral microRNAs influence expression of MICB by targeting the 3’UTR of MICB leading to
translational repression and therefore downregulation of this NKG2D-L.”” Furthermore, also
human endogenous microRNAs are able to negatively regulate the translation of MIC
ligands.”*** IFNy was reported to decrease the expression of MICA and ULBP2 in melanoma
cells and glioma cells and of mouse H60 on sarcoma cells in a STAT1 dependent manner.”®”’
Interestingly, Bui and colleagues showed that the downregulation of MICA on MelJUSo and
HeLa cells in response to IFNy was mediated by a single microRNA, miR-520b, which binds
to the MICA promoter region and the 3°UTR.” Another mechanism to modulate NKG2D-L
post-transcriptionally is proteolytic shedding of MICA, a process that requires
metalloproteinases and the cell surface endoplasmatic reticulum 5 protein (ERp5) and might
enable the tumor to escape from immunosurveillance.”’”” "% Finally, the murine NKG2D-L
MULT1 was shown to be induced upon heat shock and UV irradiation due to decreased
ubiquitination resulting in lysosomal degradation.”

This summary shows that numerous groups have investigated the stimuli and the
mechanisms, which lead to induction of human and murine NKG2D-L. However one has to
emphasize, that many of these studies represent either single reports or results which have not
been confirmed by other groups. It appears also that the mechanism of NKG2D-L regulation
are most likely dependent on the investigated cell type. Furthermore, most of the results are
based on in vitro experiments and the relevance of the described mechanisms in vivo has still
to be elucidated. These facts imply that further studies are needed in order to increase the

knowledge about regulation of NKG2D-L expression.
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1.3 Effector functions of NK cells

NK cells are potent effectors capable to lyse target cells. The cytotoxicity of NK cells has to
be properly controlled to ensure elimination of aberrant cells while sparing healthy cells. The
activation of NK cells is tightly regulated by a balance of activating and inhibitory signals
mediated by receptor/ligand interactions (Fig. 7).” Under normal conditions, elimination of
healthy autologous (,self”) cells by NK cells is prevented through recognition of ,self* MHC
class I molecules on target cells by inhibitory NK cell receptors (Fig. 7A)." This tolerance to
,self*  requires an education process, before NK cells attain functional
competence.'”' Additionally, healthy ,self* cells mostly lack activating ligands and therefore
do not trigger activatory signals. When stimulating signals outweight inhibitory ones and pass
a critical threshold, NK cells respond with cytolytic killing and production of cytokines (Fig.
7B).” According to the “missing self hypothesis”, introduced by Karre and colleagues, ,self’
MHC class I molecules are frequently downregulated upon tumor transformation or viral
infection and therefore escape recognition by MHC class I specific NK cell receptors,

102
Furthermore, stress and

resulting in elimination of malignant cells by NK cells (Fig 7C).
infections can induce cell surface expression of activating ligands. Interaction of these alert
molecules with their corresponding receptors results in activation of cell lysis.” Watzl and
colleagues showed, that inhibitory receptors can abrogate 2B4-mediated activation of NK
cells.'” Antibody-mediated stimulation of the co-stimulatory, activating NK cell receptor
NB4 leads to a rapid tyrosine phosphorylation and in consequence to cytotoxicity and IFN-y
release. The NK cell activation was completely blocked due to lack of tyrosine
phosphorylation, when KIR2DL1 or CD94:NKG2 were triggered at the same time. Beside
receptor/ligand interactions, various other stimuli are able to activate NK cells. Antibody-
coated target cells can be recognized by CDI16, mainly expressed on CD56%™ NK cells,
resulting in antibody-dependent cell cytotoxicity (ADCC). Triggering of NK cells by
monokines leads to  production of IFN-y and other proinflammatory

1519 Byurthermore, dendritic cell (DC)-derived cytokines, such as IL-

cytokines/chemokines.
12, 1IL-18, IL-15 and IFN-o/B, have been shown to promote IFN-y production, NK cell
proliferation and cytotoxicity in vitro.'"

NK cells can eradicate infected or tumor-transformed cells by two major mechanisms,
which both require direct contact between NK and target cells'®. The first process involves

exocytosis of perforin- and granzyme-containing granules, which are released into the
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intracellular space. Granzyme enters the target cell either through perforin-mediated cytosolic
delivery or through perforin-independent uptake via the mannose 6-phosphate receptor, and
subsequently induces apoptotic cell death. The second pathway involves engagement of death
receptors (e.g. Fas and TRAIL-R) on target cells by their cognate ligands (FAS-L and
TRAIL) on NK cells, resulting in caspase-dependent apoptosis.

Inhibition of lysis

Receptor

B Activation of lysis C Activation of lysis

hibitory

Activating  acgivating Re

Ceptor Activating
Receptors Ligands

Ligand

Figure 7: Regulation of NK cell response by activating and inhibitory receptors (modified from’)
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2. Acute Myeloid Leukemia (AML)

Acute myeloid leukemia is characterized by maturation arrest of myeloid progenitor cells in
the bone marrow. The deficiency of healthy bone marrow progenitors and their replacement
by malignant blasts leads to a reduced number of healthy mature blood cells, causing various
clinical symptoms like infections fatigue, paleness, shortness of breath, hemorrhage and
fewer. AML is the most common leukemia with an annual incidence of 3.5 per 100000
affecting mainly adults.'”” The annual incidence increases dramatically to 16 per 100000 in
persons aged 65 and older. The median age of patients at diagnosis is 67 years. The 5-year
survival for all AML patients is 23.4%, and 36.9% for patients younger than 65 years.
Although overall survival has increased in the last years through improvement of diagnostic
and therapeutic concepts, mortality is still very high and new strategies for treatment of AML

are required.

2.1 Risk factors

The majority of AML patients have no known risk factors for developing AML and are
therefore considered to have primary AML. However some patients develop secondary AML
as a consequence of chemical exposure, ionizing irradiation or prior blood disorders. Known
chemicals, which have been associated with development of AML, are chemotherapeutic
drugs (e.g. alkylating agents, anthracyclines or topoisomerase inhibitors), benzene and
tobacco smoke, which most probably cause various chromosomal aberrations in leukemic

108-111
cells.

. Another risk factor for AML is ionizing irradiation. Patients treated with
radiotherapy have a risk for developing therapy related AML.'""" Among survivors of atomic
bombing in Japan, nuclear tests in the USA as well as radioactive fallout after failures in
nuclear power plants, the frequency of developing AML was increased.''*""* Also chronic
exposure to irradiation of jet cockpit crew members and radiologists, employed prior to
adoption of modern safety practices, was associated with a significantly increased risk of
AML."*!' Patients with preleukemic blood disorders like myelodysplastic syndroms (MDS)

or myeloproliferative diseases (MPD) have an increased incidence of transforming into

AML 116
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Although AML develops in most cases sporadically due to acquisition of somatic mutations,
some cases of familial leukemia have been reported, characterized by autosomal dominant
inheritance and a declining age of onset with each generation.''” A family history of leukemia
in a first degree relative increases the risk for leukemia by approximately three- to five-fold
and the concordance for leukemia among identical twins is high.''"® Additionally, some
congenital diseases exist which have leukemia as a component feature. Individuals with Down
syndrome, characterized by trisomy of chromosome 21, have a 10-18-fold increased risk for
leukemia and also autosomal recessive syndromes of DNA repair deficiency (e.g. Bloom’s
syndrome, Ataxia telangiectasia and Fanconi anemia) are predisposed to hematologic

118-119
neoplasms.

2.2 Diagnosis and classification

Modern diagnostic is based on combination of morphologic and cytochemical techniques as
well as immunophenotyping by flow cytometry, cytogenetics and molecular diagnostic. The
primary diagnostic includes morphologic identification of leukemic blasts (Fig. 8). Since the
main characteristic of AML is maturation arrest of immature progenitor cells at different
stages of myeloid development, leukemic cells from blood or bone marrow are
morphologically characterized according to lineage maturation stage. Based on morphologic
appearance of blasts and cytochemistry, the French-American-British (FAB) group has
divided AML into nine distinct subtypes MO — M7 (Table 2).'* Following the FAB system, a
diagnosis is confirmed when the bone marrow contains more then 30% of blasts.

The current schemata for AML classification is the World Health Organization
(WHO) system, which divides the disease entities not only morphologically but uses in
addition all available information such as cytochemistry, immunophenotype, genetics and

.. 121-122
clinical features.

Four major subgroups of AML were defined: (1) AML with recurrent
genetic abnormalities, (2) AML with myelodysplasia-related changes, (3) therapy-related
myeloid neoplasms and, (4) AML not otherwise specified. Furthermore, additional minor
AML entities exit. The blast threshold for the diagnosis of AML was reduced from 30% to
20% in the blood or marrow, and patients with the particular clonal, recurring cytogenetic

abnormalities are considered to have AML regardless of the blast content.
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Figure 8: Scheme of normal myeloid development and a relationship to chronic and acute myeloid

leukemia'?

Table 2: French-American-British (FAB) classification of acute myeloid leukemia and associated genetic

AML blasts
FAB M7

abnormalities'**
AssOCIATED
TRANSLOCATIONS AND
FAB Common Name REARRANGEMENTS
SUBTYPE (% oF Caskes) ResuLTs OF STAINING (% oF Cases)
MYELOPER-  SUDAN  NONSPECIFIC
OXIDASE BLACK ESTERASE
MO Acute myeloblastic leukemia with mini- = = = nv(3q26) and
mal differentiation (3%) t(3;3) (1%)
M1 Acute myeloblastic leukemia without s + =
maturation (15-20%)
M2 Acute myeloblastic leukemia with matu- + + = t(8;21) (40%),
ration (25-30%) t(6;9) (1%)
M3 Acute promyelocytic leukemia 1 + = t(15;17) (98%),
(5-10%) t(11;17) (1%),
t(5;17) (1%)
M4 Acute myelomonocytic leukemia (20%) o 4 4 11923 (20%),
nv(3q26) and
1(3;3) (3%),
t(6;9) (1%)
M4Eo  Acute myelomonocytic leukemia with + + + mv(le), t(16;16)
abnormal eosinophils (80%)
(5-10%)
M5 Acute monocytic leukemia - - + 11q23 (20%),
(2-9%) t(8;16) (2%)
Mé Erythroleukemia (3-5%) e s =
M7 Acute megakaryocytic leukemia = = +i t(1;22) (5%)
(3-12%)

GENES INVOLVED

EVI1

AMLI-ETO,
DEK-CAN

PML-RARa, PLZF-
RARa, NPM RAR«

MLL, DEK-CAN, EVII

CBF3-MYHI1

MLL, MOZ-CBP

Unknown

*Cells are positive for myeloid antigen (e.g.,

CD13 and CD33).

tCells are positive for a-naphthylacetate and platelet glycoprotein TIb/TIIa or factor VIII-related antigen and negative for naphthylbutyrate.
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2.3 Pathogenesis and prognosis

AML is characterized by aquisition of somatic mutations in hematopoietic progenitor cells.
55% of adults with AML harbour chromosomal aberrations (e.g. reciprocal translocations,
inversions, insertions, deletions, trisomies and monosomies).'*> 45% of patients have a normal
karyotype, however carry other genetic lesions like point mutations. Understanding of genetic
causes for AML has lead to better prediction of clinical outcome, improvement in
classification of AML subgroups, prediction of therapeutic response and to the development
of novel therapies that target some of the genetic lesions.

Development of leukemia is thought to happen in a multistep process.'*®'?’ It has been
shown, that expression of a single mutant gene is not sufficient to cause AML and that
different mutations cooperate with each other.””"*' Two classes of mutations can be
distinguished (Fig. 9). Class I mutations activate members of signal transduction pathways
(e.g. tyrosine kinases FLT3 and c-KIT, N-RAS, K-RAS) resulting in enhanced proliferation
and/or survival of hematopoietic progenitors. Class II mutations are often ,loss of function*
mutations affecting transcription factors or components of the transcriptional co-activation
complexes. An impaired hematopoietic differentiation and/or aquisition of aberrant self-
renewal properties of hematopoietic progenitors is the consequence. Multiple mutations
belonging to one of these complementation groups occur rarely in the same patient, whereas
mutations between complementation groups often occur together causing an acute leukemia

phenotype.

Class | mutations Class |l mutations
Confer proliferative and/or Serve primarily to impair
survival advantage but do not hematopoietic differentiation

affect differentiation and subsequent apoptosis

1

CML-like

V2

MDS-like

Figure 9: Multistep pathogenesis of AML.'”’
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Prevalent types of aberrations are translocations and inversions resulting in generation of
fusion proteins. Chromosomal breakpoints are often located in genes encoding for
transcription factors (e.g. core binding factor (CBF), retinoic acid receptor alpha (RARa) and
members of the HOX family) and for co-activators of transcription such as Creb-binding
protein (CBP), p300, MOZ, TIF2 and MLL."”” Among the most common translocations are
t[8;21], inv[16] and t[12;21], resulting in AMLI1/ETO, CBFB/SMMHC and TEL/AMLI1
fusions, respectively.”>"** AMLI/ETO fusion is found in approximately 40% of all AML
FAB M2 without beeing restricted to this subtype. AMLI, the DNA-binding a-subunit of the
transcription factor CBP activates, in combination with its B-subunit CBPB and other co-
activators, the expression of genes essential for hematopoietic differentiation (Fig 10 A).
Fusion of AMLI1 to ETO retains the ability to bind to the target sequence and to interact with
CBPp (Fig 10 B). However, ETO binds to a nuclear co-repressor, resulting in repression of

transcription and therefore block of differentiation.'**

Coactivators

CBFB b
. AML1

—— P> [foroet gones]
> |Target genes
N > [Target genes
B t(8;21)
Corepressor
Complex
C-BFV AML1 ETO '
e 1
“—
- TGTGGT---

Figure 10: The fusion protein AML1/ETO and its impact on transcription (modified from '**)

Likewise, CBFB/SMMHC and TEL/AML1 are dominant negative inhibitors of CBF-
mediated transcription.'”” Translocation t[15;17] is the cause of the chimeric protein
PML/RARa resulting in disruption of development at a promyelocytic stage due to aberrant
repression of transcription: While the binding of retinoic acid (RA) to wildtype RARa results
in dissociation of the co-repressors SMRT and N-CoR and binding of co-activators, and in
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consequence allows the differentiation and granulopoiesis, binding of RA to PML/RARa
requires much higher pharmacological doses to dissociate from corepressors.'*” Treatment of
leukemic blasts with all-trans-retinoic acid (ATRA) targets PML/RARa and induces
differentiation into mature granulocytes.'*® The most frequent genetic aberration on molecular
level are mutations in the tyrosine kinase receptor FLT3."’ In approximately 25% of adult
AML patients internal tandem duplications (ITD) are found, with highest incidence in FAB
M3 subtype. FLT3 is important for normal hematopoiesis and development of the immune
system. Mutations of FLT3 cause autophosphorylation of the receptor, resulting in activation
of downstream signalling pathways involved in regulation of transcription, proliferation and
apoptosis, an event associated with poor prognosis.'**'*

The assessment of chromosomal abnormalities in combination with other clinical and
laboratory data has allowed to subdividle AML into three prognostic groups: favorable,

standard/intermediate, and unfavorable. One important factor to predict the outcome of AML

is the cytogenetic status. In addition, other clinical and biological parameters are used to

predict the response to treatment and the likelihood to relapse (Table 3).'**'%
Table 3: Adverse Prognostic Factors in patients with AML (modified from 124

Factors used to predict response to induction Factors Used to predict relapse

chemotherpy

Unfavorable karyotype Unfavorable karyotype

Age >60yrs Age >60yrs

Secondary AML Delayed response to induction therapy

Poor performance score Features of multidrug resistance

Features of multidrug resistance White-cell count of >20,000/mm?

White-cell count of > 20,000/mm? Female sex

Unfavorable immunophenotype Elevated lactate dehydrogenase level

CD34 positivity Autonomous growth of leukemic cells
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2.4 Therapy

The treatment of AML comprises two steps: First, induction therapy is performed, aiming to
achieve complete remission, which is defined by reduced amout of leukemic blasts in bone
marrow (< 5%) and recovery of blood counts in peripheral blood. In a second step,
postremission therapy is administered to sustain remission and prevent relapse.'**

Induction therapy is administered to all newly diagnosed patients except those with
myelodysplasia or secondary AML. Through administration of cytarabine and anthracyclines
(e.g. daunorubicin, idarubicin or mitoxantrone), complete remission can be induced in 70-
80% of patients younger then 60 years of age, whereas elderly patients > 60 years have a less
favorable response rate of 40-50%.'*" To increase the rate of complete remission, several new
approaches have been tested, e.g. administration of high-dose cytarabine in combination with
daunorubicin and usage of additional cytotoxic reagents or modulators of multidrug

. 141-142
resistance.

However, none of the alternative treatments had any convincing advantages
compared to standard therapy. Currently, approaches to sensitize leukemic cells with
hematopoietic growth factors to improve their susceptibility to cytotoxic chemotherapy are

under investigation.'*'"'*

However, three studies have showed opposing results concerning
complete remission and disease-free survival upon administration of G-CSF and GM-CSF,
and therefore clinical investigations are ongoing.

After induction of complete remission, three options for postremission therapy exist,
either high-dose chemotherapy, or chemoradiotherapy in combination with autologous or

allogeneic hematopoietic stem cell transplantation (HSCT).'*

The choice of therapy is
dependent on type of AML, age of the patient, general health, response to induction therapy
and, if HSCT is considered, the availability of a stem cell donor. If no postremission therapy
is administered, virtually all patients will relapse.'* Patients with favorable-risk AML are
generally treated with 3-4 courses of high-dose cytarabine.'*! In a landmark study of this
approach, the overall survival rates after four years was 46 percent.'*® An alternative
postremission stategy is the combination of chemoradiotherapy HSCT, whereby the entire
hematopoietic system is replaced. Sources of stem cells are, beside the bone marrow, cord
blood and “mobilized” blood, where the hematopoietic stem cells migrate out of the bone
marrow into the periphery upon treatment with cytokines.'*’ For patients with favorable or

intermediate risk, ablative cytotoxic treatment followed by autologous HSCT (re-infusion of

the patients own stem cells) can be considered as alternative option for postremission therapy.
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Promising long-time survival rates of 45-55% have been reported.'”* Disadvantages of an
autologous HSCT are possible contamination of the graft with residual leukemic cells that
might contribute to disease relapse, and the lack of the graft-versus-leukemia effect.'*
However, benefits of this therapeutic approach may outweight the drawbacks under certain
clinical indications. Allogeneic HSCT is considered as the most efficient antileukemic
treatment. Transplantation of bone marrow from an HLA-matched sibling can cure 50-60% of
recipients. The low relapse rate is the result of a combination of marrow-ablative high dose
cytotoxic therapy before bone marrow transplantation and an allogenic graft-against-leukemia
effect, mediated through alloreactive T and NK cells. However, these beneficial effects are
accompanied not only by high treatment related mortality due to the toxicity of drugs, but also
by complications of immunosuppression as well as the risk of graft-versus-host disease
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(GvHD), restricting allogeneic HSCT mainly to patients younger then 60 years.
patients older then 60 years, reduced-intensity conditioning (RIC) prior allogeneic HSCT has
been developed to reduce the treatment related mortality.'*’ Results of a retrospective study in
AML patients <50 years suggest, that the disease-free survival of patients after RIC regimen
HSCT was comparable to those patients receiving standard myeloablative allo-HSCT.'*
During the last years, the investigation of pathogenic mechanisms on molecular and
epigenetic level has revealed strategies to directly target disease associated genetic lesions and
molecular defects. For treatment of acute promyelocytic leukemia, which is often associated
with the PML/RARA fusion protein, ATRA and arsenic trioxide are efficient drugs resulting

149

in survival rates >70%. " Furthermore, three novel agents have reached phase 3 clinical trials

and are used in combination with conventional cytotoxic therapy.'*!

Gemtuzumab ozogamicin
(GO) is a humanized anti-CD33 antibody chemically linked to the cytotoxic agent
calicheamicin that inhibits DNA synthesis and induces apoptosis. This drug is approved for
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relapsed AML in older patients and can produce remissions in 15-35% of these patients. ™" In

younger patients addition of GO to standard induction therapy led to a promising 91%

complete remission rate."’

A second group of agents are FLT3 tyrosine kinase inhibitors,
which have shown promising response rates in patients with FLT3 mutations."**">* The third
group of agents are the demethylating agents azacitidine and decitabine. Treatment of AML
patients with azacitidine resulted in a 2 year overall survival of 50%, whereas the overall

survival in patients treated with conventional therapy was only 16%.">*
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2.5 NK cells and AML

Since NK cells are able to kill myeloid leukemic cells in vitro and in vivo, these immune

- - L - 89,155-156
effectors might play an important role in immunosurveillance.””

The recognition of
leukemic cells by NK cells is determined by interactions of KIR and CD94:NKG2A receptors
with HLA molecules, resulting in inhibition of NK cell function, and the presence of
activating ligands on leukemic cells. Abnormalities in expression of NK cell receptors or
ligand in leukemic patients can lead to inadequate NK cell function and in consequence
escape of leukemic blasts from NK cell recognition."”’

Indeed, NK cells of AML patients are altered regarding phenotype and function.
Costello and colleagues showed, that NK cells of AML patients are reduced in number and
that IL-2 activated NK cells display a low NCR surface density which was accompanied with

1538 These results are in contrast to

weak cytotoxicity against autologous leukemic cells.
findings of our group who showed, that cytokine-activated NK cell from patients with AML
are highly cytotoxic against K562 target cells and are able to produce high amounts of IFN-y.
Expression levels of NKG2D and NKp46 were comparable to activated NK cells from healthy
donors." Blasts from most AML patients express low level of ULBPs, MICA/B and NCR-

35,156
>® The reason for low

specific ligands and are poorly susceptible to lysis by NK cells.
density of activating ligands might be in vivo selection for ligand-low malignant clones,
maturation arrest at a ligand low phenotype in hematopoietic differentiation or proteolytic
shedding of MIC ligands.®®**"*® Furthermore, deficient expression of HLA class I molecules
on leukemic blasts has been reported.''*® Genetic studies revealed, that leukemic patients
are associated with a more inhibitory A/B KIR haplotype, compared to controls, and that the
frequency of specific inhibitory KIR-HLA class I interactions is increased.'®*'®

Due to their cytotoxic potential against leukemic blasts, NK cells are promising
candidates to eradicate malignant cells, which have escaped killing by high-dose
chemotherapy. Velardi and colleagues demonstrated that the incidence of leukemic relapse
was significantly reduced in AML patients, which have received hematopoietic stem cells
from haploidentical donors with KIR ligand incompatibility in graft-versus-host direction. In
this situation, alloreactive donor NK cells exhibit cytotoxicity, since inhibitory KIR molecules
on the donor NK cell do not become engaged by their corresponding KIR ligand on recipient
cells (Fig. 11). In consequence, this alloreactive NK cells are able to mediate graft-versus-

leukemia effect against residual leukemic cells.'”
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Figure 11: KIR mismatch in haplotype-mismatched stem cell transplantation ™ (A) Donor and recipient are

HLA haplotype-mismatched and KIR-mismatched at the HLA-C locus. Donor NK cell clones expressing
KIR2DLI are usually inhibited by ligands of C2 group of HLA-C molecules (HLA-Cw2, 4, 5, 6). However, in
this transplantation setting, recipient’s leukemic blasts express HLA-Cw3, a member of the C1 group of HLA-C
molecules, which is not recognized by the donor’s KIR2DL1 receptor, therefore resulting in activation of NK
cells and lysis of leukemic blasts. (B) Donor and recipient are HLA haplotype-mismatched but both express
HLA-C alleles of the C2 group. Therefore, donor NK cells expressing KIR2DL1 are inhibited by HLA-Cw4 on

leukemic cells, resulting in lack of lysis.

Additionally they showed that infusion of alloreactive NK cells into AML-engrafted
NOD/SCID mice erradicated human leukemia in vivo. Furthermore, infusion of high numbers
of allogeneic NK cells into lethally irradiated mice did not cause GvHD and pretransplant
infusion of alloreactive NK cells into mice obviated the need for high intensity conditioning
to achieve durable full-donor engraftment.'>

In an autologous or HLA-matched setting, blocking of the interaction between KIR receptors
on donor cells and MHC class I molecules on recipient’s cells could be a potential therapeutic
strategy. In a murine acute leukemia model, blocking of the murine counterpart of inhibitory
NK receptors with a monoclonal antibody protected from leukemic death without toxicity.
Also adoptive transfer of IL-2 activated NK cells treated ex vivo with this antibody
significantly increased survival of leukemic mice.'”” Since manipulation of the balance of
activating and inhibitory signals in NK cells might open new prospects in immunotherapy, a
better understanding of regulation of activating and inhibitory ligands may allow to develop

novel therapeutic strategies against cancer.
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3. Post-transcriptional Regulation of Gene Expression

The expression of genes is regulated not only on transcriptional level but at multiple steps in
the expression pathway including splicing, mRNA transport, polyadenylation, translation, and
posttranslational modifications.'®®'® At RNA level, two mechanisms of post-transcriptional
regulation are the control of mRNA stability and cytoplasmatic polyadenylation.'”*'"!
Regulation is accomplished by the interaction of trans-acting RNA binding proteins with cis-
acting regulatory elements, which are distributed throughout the transcript. The advantage of
regulation at a post-transcriptional level are the possibility to rapidly adjust the protein
synthesis to the changes in the cell environment, to fine-tune protein amounts.

Important elements for mRNA stability are the cap structure at the 5’end and the
poly(A) tail at the 3’end of the transcript. The poly(A) tail becomes gradually shortened
through the deadenylating nuclease. When the poly(A) tail is reduced to a critical length,
poly(A) binding proteins cannot bind any longer to the poly(A) tail, which destabilizes the
interaction with the 5’cap and translation initiation factors. As a consequence, decapping
enzymes remove the exposed cap and the unprotected mRNA is degraded by exonucleases.
The rate of poly(A) shortening determines the half-lives of transcripts.'®

Many regulatory elements are located within the 5S’UTR and the 3’UTR of transcripts.
A cis-element, located in 5’UTR and at the beginning of the coding region of the IL-2 mRNA,
has been shown to mediate stabilization of the transcript in response to activation of c-jun
NH2-terminal kinase (JNK).'”? The 5’UTR of the ferritin mRNA contains iron-responsible
elements (IRE). In response to low iron concentration, IRE-binding proteins (IRE-BP) bind to
the IRE and block the ribosome’s ability to inititate translation.'” The coding regions of
several messages (e.g. ¢-FOS and ¢-MYC) contain specific destabilization elements.'”*'"
Poly(A) signals and cytoplasmatic polyadenylation elements (CPE) are specific sequence
motifs in the 3’UTR, required for polyadenylation. In oocytes, all CPE-containing mRNAs
have short poly(A) tails. Binding of CPE binding proteins (CPEB) to CPEs mediates
repression of translation, since the interactions of CPEB with other proteins prevent the
assembly of the inititation complex at the 5’end of the mRNA. Upon phosphorylation of
CPEB, the cleavage and polyadenylation specificity factor (CPSF) binds to the poly(A) site
and interacts with the cytoplasmatic form of the poly(A) polymerase (PAP). After the poly(A)
tail is extended, poly(A) binding proteins bind to it and interact with e[F4G, which is together

with other initiation factors important for initiation of translation.'’' Two other important
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elements, located within the 3’UTR are microRNA binding sites and AU-rich elements,
which modulate the mRNA stability positively or negatively. Both elements will be described

in more detail in this chapter.

3.1 MicroRNAs

MicroRNAs are short noncoding RNAs ~22 nucleotides in length which play an important
role in the regulation of various cellular processes, such as cell cycle, proliferation, apoptosis,
differentiation and development. They are expressed in all higher organisms (e.g. humans,
animals, flies, worms, plants) and viruses, and function as negative regulators of gene
expression through inhibition of translation and/or mRNA degradation.'”®!”” MicroRNAs are
evolutionary conserved and their genes represent about 1-2% of all human genes. So far, more
than 850 human microRNAs are known, which are predicted to regulate 30% of human
mRNAs. Single microRNAs are able to target more then 200 mRNAs and, conversely,
multiple microRNAs cooperatively control a single mRNA target.'”® MicroRNAs are encoded
in the genome as single microRNAs or as multi-cistronic microRNA clusters. The genes are
located either in non-coding regions between genes (intergenic), where they are transcribed
from their own promoters, or in exons or introns of protein-coding mRNAs and non-coding

RNA, where they are usually coordinately expressed with their host gene.!”'®!

3.1.1 MicroRNA biogenesis and mode of action

MicroRNAs are transcribed in the nucleus by RNA polymerase II as large RNA precursors
with stem-loop regions, termed pri-microRNAs (Fig. 12)."*? Recognition and cleavage of this
molecule by the RNase III enzyme Drosha and its cofactor Pasha/DGCRS8 results in
generation of ~70 nucleotide-long hairpin intermediates (pre-microRNAs), that are exported
to the cytoplasma via the nuclear transport receptor exportin-5 and the cofactor RanGTP. The
pre-microRNA is cleaved by the Rnase III enzyme Dicer into double stranded RNA of ~22
nucleotides, and the mature single-stranded microRNA is incorporated into the microRNA-

associated RNA-induced silencing complex (miRISC). Recruitment of the microRNAs by the
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miRISC complex to microRNA binding sites with fully or partly complementary sequences in
the 3°UTR of target genes usually results in gene repression.'®"'® Recent reports suggest that
miRNAs also interact with the 5’UTR and open reading frames of genes and mediate not only

repression, but also translational activation, 34186

The precise mechanisms, that lead to
silencing of gene expression upon microRNA binding, are so far not well understood. Several
published studies suggest, that translational repression might be accomplished though
different ways, e.g. inhibition of translational initiation, inhibition of elongation, premature
translational termination and cotranslational protein degradation as well as microRNA-
mediated decay of target mRNAs.'®’

A crucial factor, determining the mode of action, is the degree of complementarity between
the microRNA and the target (Fig. 12)."®* Binding of microRNAs with perfect or nearly
perfect complementarity to regulatory elements located in the target transcript induces
cleavage by ribonucleases in the miRISC complex, resulting in degradation of the mRNA.
This type of mechanism is commonly found in plants, but microRNA-directed cleavage has
also been described to occure in mammals. Most animal microRNAs bind with imperfect
complementarity to transcripts and repress gene expression post-transcriptionally, resulting in
reduction of protein levels without affecting the mRNA levels. However studies have shown,
that binding with partial complementarity can also induce mRNA degradation.

The most important nucleotides for microRNA-mRNA interactions are six nucleotides at
position 2-7 at the 5’end of the microRNA, called ‘seed’ sequence.'™ Coherent Watson-Crick
base-pairing in the seed sequence is required for binding of microRNAs to their target.
Different types of microRNA target sites exist dependent on the number of seed matches (6 or
7 nt), the position of seed matches and the nucleotide composition in the flanking regions. '**
However not only the type of site, but also the number of target sites, the distance between
target sites, site position, the local AU content and the 3’pairing of microRNAs influences the

. o . 188-1
efficiency of message destabilization.'**'™
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Figure 12: Biogeneis of microRNAs."’

3.1.2 MicroRNAs and cancer

Examination of microRNA expression patterns in cancer cells and corresponding healthy
tissues revealed that microRNAs are frequently misexpressed in human cancer indicating that
microRNAs function as oncogenes or tumor suppressors (Fig. 13)."”° Alterations in
microRNA expression may be caused by alterations in the microRNA processing machinery,
epigenetic mechanisms or genomic abnormalities (e.g. deletions and mutations, genomic

amplifications, chromosomal rearrangements)."”’

Many human microRNA genes are located
at fragile sites of the chromosome, which are known to be associated with cancer, further
supporting the notion, that microRNAs might have important functions in cancer

progression.'”?
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Figure 13: MicroRNAs can function as tumor supressors and oncogenes'®’ (a) In normal tissue, correct
transcription, processing and binding to target mRNAs lead to translational repression and in consequence to
normal rates of growth, proliferation, differentiation and cell death. (b) Defects in any stage of the microRNA
biogenesis can lead to elimination or reduction of mature microRNAs that function as tumor suppressors. In
consequence miR-target oncogenes are not repressed resulting in tumor formation due to aberrant expression of
oncoprotein. (¢) Overexpression of microRNAs that function as oncogenes results in tumor formation due to
inappropriate negative regulation of miR-target tumor suppressor genes. This misexpression can be caused by
amplification of the microRNA gene, a constitutively active promoter of microRNA genes, increased efficiency

in microRNA processing or increased stability of the microRNA.

MicroRNAs as tumor suppressors

In human cancer, a global decrease in microRNA level can be observed, indicating that

. 192-193
microRNAs act as tumor suppressors.

First evidence for this model was provided by
Calin and colleagues, who described that the miR-15/16-1 cluster, located on chromosome
13q14, is preferentially deleted and downregulated in about 68% of patients with B-cell
chronic lymphocytic leukemia (B-CLL)."”* These microRNAs serve as tumor supressors by

targeting the antiapoptotic B cell lymphoma 2 (Bcl2) protein.'”> Moreover, the miR-15a/16-1
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cluster was shown to regulate survival, proliferation and invasion in a prostate cancer model
by targeting CCND1 and WNT3A.'”® Other studies revealed members of the let-7 family as
tumor supressors. This microRNA family consists of 12 human homologues, which map to
fragile sites associated with lung, breast, urothelial and cervical cancer."”’ The expression of
let-7 microRNAs is significantly reduced in lung cancer and correlates with poor prognosis.'*®
Let-7 directly regulates important oncogenes, including RAS, MYC and HMGAZ2, and alters

cell cycle, cell division, and cell proliferation genes.lgg'202

Furthermore, multiple studies have
shown, that microRNAs are important components of the p53 tumor suppressor network.
Upon DNA damage or oncogenic stress, p53 transactivates members of the miR-34 family.
These microRNAs subsequently regulate cell cycle and DNA damage response genes,
resulting in growth arrest and apoptosis.”®* 2%

Reduced expression of microRNAs in cancers can be caused not only by mutations in
microRNA genes, but also through reduced levels of enzymes crucially required for proper
microRNA biogenesis. In ovarian cancer, reduced levels of Dicer and/or Drosha mRNA were
observed in ~50% of samples, and low levels of these proteins were associated with poor
prognosis.’’® Reduced expression of Dicer was also found in lung cancer cells, and correlated
with shorter postoperative survival of patients compared to patients expressing high levels of
Dicer.?*” Knockdown of Dicer, Drosha or DGCRS in murine or human cancer cells resulted in
a decreased microRNA levels, and enhanced tumor transformation, accompanied by increased
proliferative capacity. Accelerated tumor formation, increased tumor size and invasion into
surrounding tissue were observed upon subcutaneous injection of cancer cells, impaired in
microRNA-processing, into immunocompromised mice. However, inpairing of the
microRNA biogenesis machinery in wild type cells revealed that this event is not sufficient to

. 208
promote de novo transformation.

MicroRNAs as oncogenes

MicroRNAs have also been identified as potential oncogenes, since they can be upregulated
in malignant cells. In many lymphomas, the polycistronic miR-17-92 cluster, which includes
seven microRNA genes (miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR19b-1, miR-20 and
miR-92-1), is overexpressed due to amplification. Concurrent overexpression of the miR19-
92 cluster and ¢c-MYC accelerated tumor development in a murine B-cell lymphoma model.2”
This microRNA cluster is also markedly overexpressed in lung cancer, resulting in enhanced

lung cancer cell growth.' Administration of miR-17-5p and miR20a antisense molecules
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significantly inhibited cell growth by inducing apoptosis.”!' The oncogenic miR-155 is
processed from a precursor form BIC (B-cell integration cluster), a non-coding RNA which
accumulates in lymphomas. Expression level of miR-155 is 10 to 30 fold increased in

212 B_cell specific overexpression of miR-155 in a

lymphomas compared to normal B cells.
transgenic mouse model promoted proliferation of pre-B-cells in spleen and bone marrow,
and emergence of high-grade B cell neoplasms.”"> Furthermore, miR-155 is overexpressed in
the majority of pancreatic cancers, where it directly regulates the proapoptotic stress-induced
p53 target gene TP53INP1.2" The miR-221/222 cluster is ~11 fold upregulated in thyroid
cancer resulting in dramatic loss of KIT transcripts and protein.”'> MiR-211/222 is also
overexpressed in glioblastoma and directly targets the tumor suppressor and cyclin-dependent
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kinase inhibitor CDKNIB/p27"""!, resulting in continuous proliferation of cancer cells.*'® In

hepatocellular carcinoma, high levels of miR-221 negatively regulate both CDKNIB/p27*"!
and CDKNIC/p57."" Further, miR-21 is strongly overexpressed in glioblastoma tumor tissue
and cell lines, and knockdown of miR-21 in these cells leads to activation of caspases and

increased apoptotic cell death.*'®

MicroRNA profiling

Profiling of microRNA expression patterns allows to distinguish cancer tissue from normal
tissue through unique microRNA expression signatures. These signatures can be used to
classify different tumor types and tumor grades, to cluster sample groups according to their
embryonic lineage, to predict prognosis and to determine the specific course of

193,198,219-221
treatment. "7

Expression pattern analysis in six solid cancers (breast, colon, lung,
pancreas, prostate and stomach cancer) has revealed that overexpression of miR-21 is a
common event in tumorigenesis, suggesting that miR-21 has an important regulatory role in
pathways shared by all solid tumors investigated.*** In colorectal cancer, 28 microRNAs were
identified to be differentially expressed compared to normal mucosa, and miR-143 and miR-
145 are consistently downregulated in this type of solid cancer.”” In breast cancer, 29
microRNAs were found to be significantly de-regulated, and among these, a set of 15
microRNAs predicted normal versus cancer tissue with a 100% accurancy.”** Rosenfeld and

colleagues showed, that only 48 microRNA markers are needed to identify the origin of 22

tissues with an accuracy of 90% in patients with metastatic cancer.””> Therefore, microRNA
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signatures can be used to improve diagnosis and prognosis for cancer patients, as summarized

in Table 4.

Table 4: microRNA expression profiling in human cancers (adapted from ")
Cancer type* MiRNA profiling data Significance
Chronic lymphocytic A unique signature of 13 genes associated with prognostic factors MiRNAs as diagnostic markers (the
leukaemia (ZAP70 and IgVH mutation status) and progression (time from identification of two categories of
diagnosis to therapy) patients)
Lung adenocarcinoma Molecular signatures that differ with tumour histology; miRNA profiles  MiRNAs as prognostic and diagnostic
correlated with survival (miR-155 and let-7) markers
Breast carcinoma MiRNA expression correlates with specific pathological features MiRNAs as prognostic markers
Endocrine pancreatic A signature that distinguishes endocrine from acinar tumours; the MiRNAs as diagnostic and prognostic
tumours overexpression of miR-21 is strongly associated with both a highKi67 ~ markers
proliferation index and the presence of liver metastases
Hepatocellular carcinoma ~ MiRNA expression correlated with differentiation MiRNAs as prognostic markers
Papillary thyroid carcinoma MiRNA upregulation (for example, miR-221 and miR-222) in tumoral MiRNAs probably involved in cancer

cells and normal cells adjacent to tumours, but not in normal thyroids  initiation
without cancers

Glioblastoma A specific signature compared with normal tissues MiRNAs as diagnostic markers

Human cancers MiRNA-expression profiles accurately classify cancers; an miRNA MiRNAs as diagnostic markers
classifier classes poorly differentiated samples better than a
messenger RNA classifier

Human solid cancers Common signature for distinct types of solid carcinomas Specific miRNAs are involved in
common molecular pathways

*Only data from microarray studies reporting results on human primary tumours were included in this table. IgV, . immunoglobulin heavy-chain variable-region,
MiRNA, microRNA. ZAP70, 70 kDa zeta-associated protein.

MicroRNASs as therapeutics

Since microRNAs function as oncogenes and tumor suppressors, they might be targets for
cancer therapies. One therapeutic strategy aims to quench oncogenic microRNAs by
antisense-mediated inhibition. Knockdown of endogenous onco-miR-21 by synthetic 2°-O-
methyl modified anti-microRNA oligonucleotides (AMO) in glioblastoma or breast cancer
cells as well as in a xenograft mouse model inhibited cell growth due to increased
apoptosis.”'®**® A single intravenous injection of cholesterol-conjugated AMOs to target liver
specific miR-122 into mice silenced miR-122 for up to 23 days and decreased the cholesterol
serum level by ~40%.?* Intravenous injection of more stable and less toxic locked nucleic
acid (LNA)-based olignonucleotides (LNA-antimiR) into African green monkeys resulted in
depletion of mature miR-122 and a dose-dependent and long-lasting lowering of plasma
cholesterol.”® Stable knockdown of microRNAs in vivo can be achieved through lentiviral
delivery of artificial anti-microRNA decoys, comprised of multiple complementary binding

sites for the targeted microRNA. Transplantation of hematopoietic stem cells, containing an
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anti-miR-223 decoy, into lethally irradiated mice resulted in functional knockdown of miR-
223 that phenocopied the properties of the miR-223 knockout mouse.””

Another strategy showing great therapeutic promise is to replace microRNAs by
chemically modified double-stranded RNA oligonucleotides, so-called microRNA mimics, or
viralvector-encoded microRNAs in tumors with reduced microRNAs expression. Adenovirus-
mediated overexpression of let-7 in a murine model of human lung cancer model suppressed
lung tumor initiation and resulted in a 66% reduction of tumor burden compared to control
mice.”® Similarly, mice injected with tumor-initiating breast cancer cells, which were
transduced with lentiviruses containing let-7 overexpression cassette, developed significantly
fewer tumors compared to mice injected with non-modified breast cancer cells.”>' Bonci and
colleagues showed that reconstitution of miR-15a and miR-16 expression in vitro and in vivo
induced growth arrest and apoptosis in prostate cancer cells, and lead to considerable volume
reduction in a xenograft prostate cancer model.'”® In mice harbouring liver tumors, significant

tumor regression was observed after adenoviral delivery of miR-26a.>*

3.2.2 MicroRNAs in normal hematopoiesis and acute leukemia

MicroRNAs are crucial regulators of many physiological processes including haematopoietic
differentiation. As already mentioned in section 2.3.1.2, inappropriate expression of
microRNA contributes to leukaemogenesis.

First evidence, that microRNAs play a role during normal hematopoiesis was provided by
Chen and colleagues.”” From ~100 microRNAs, which were cloned from mouse bone
marrow, miR-181, miR-223 and miR142s were differentially or preferentially expressed in
hematopoietic tissue as well as in individual hematopoietic cell lines suggesting, that these
microRNAs influence hematopoietic lineage differentiation. Indeed, ectopic expression of
miR-181 in hematopoietic progenitor cells increased the fraction of B cells in in vitro
differentiation assays and upon transplantation into lethally irradiated mice in vivo, indicating
that miR-181 is a positive regulator of B-cell differentiation. In mice, miR-150 is expressed in
mature lymphocytes, but not in their progenitors.>** In miR-150 knockout mice, a subclass of
B-cells, so-called B1 cells, are expanded in the spleen and in the peritoneal cavity and the
amount of antibodies in the blood serum is increased.”” Ectopic expression of miR-150 in

transgenic mice reduced the expression of c-MYB, a transcription factor important for
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lymphocyte development, in a dose-dependent manner and dramatically impaired lymphocyte
development. The myeloid-specific miR-223 negatively regulates the proliferation of

progenitors, as well as granulocyte differentiation and activation.®

The expression levels of
miR-223 are low in hematopoietic stem cells and myeloid progenitors and increase steadily
throughout granulocytic differentiation. Mutant mice lacking miR-223 have significantly
higher numbers of neutrophils due to increased number of granulocyte progenitors. Further

examples of microRNAs involved in hematopoiesis are listed in Table 5.

Table 5: Examples of microRNA function in normal hematopoiesis (adapted from **’)
miRNA Function in normal hematopoiesis
let-7 represses megakaryocytopoiesis
miR-15 and miR-16 promote erythropoiesis
miR-17-92 cluster downregulated during monocytopoiesis and megakaryocytopoiesis.

Represses monocytopoiesis and megakaryocytopoiesis, and promotes
the transition from pro-B to pre-B cell stage

miR-155 Repressed both megakaryopoiesis and erythropoiesis. Important in
lymphopoiesis and immune response (for both B and T cells)

miR-196a and miR-196b In the hematopoietic lineage, reach a peak in short-term repopulating
hematopoietic stem cells ans then decrease as cells become more
differentiated. Significantly downregulated furing transition from
common myeloid progenitors to granulocyte-macrophage progenitors

Examination of microRNA expression pattern in leukemic and healthy hematopoietic cells

27 Distinct

revealed a number of microRNAs, which are misregulated in leukemia (Fig. 14).
expression patterns were observed for AML subtypes harbouring particular types of
cytogenetic and molecular alterations, and selected sets of microRNAs could predict different

types of AML with high accuracy.”**’

In addition, the expression signature of some
microRNAs was predictive of outcome and survival of patients with leukemia. The overall
and event-free survival was significantly worse in AML patients with high expression of miR-
191 and miR-199a than in AML patients with low expression.”*” In AML patients without
cytogenetic alterations, the expression of miR-181a and miR-181b was associated with good
outcome, whereas the expression of miR-124, miR-128, miR 194, miR-219-5p, miR-220a and

miR-320 were associated with poor outcome.**'
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ALL with t(1g23)

R-10

miR-708
Megakaryoblasr Pro-erythroblast Monablast Myelomonocytic blast Promyelocyte Myeloblast
AML
blasts
FAB M7 FAB Mé& FAB M4 or M5 FAB Mdeo FAB M3 FAB M2
AML with t(1 qB) AML with inv(16) AML with t(15;17) AML with t(8; 21)

37 c, miR-382
miR-181 let-7b, let-7c IR-134, miR-127, miR-223, let-7b

and miR-124 and let-7¢

miR-124, mir-17-92
and miR-196b

b AML with gene or chromosomal abnormalities other than chromosomal translocation or inversion

NPMI mutations
(rainly with
Trisomy 8 normal karyotype) CEBPA mutations FAT3-ITD

MiR-204
andmik28 | [ mR3Maandmir94 |

Figure 14: Involvement of microRNAs in acute leukemia®’ Upregulated microRNAs are indicated in red,

downregulated microRNAs are indicated in green.

3.2 AU-rich elements (ARE)

AU-rich elements were originally found in the 3’UTR of short-lived mRNAs encoding for
proto-oncogenes, growth factors and cytokines. Further studies revealed, that 5-8% of human
mRNAs contain ARE. These elements are involved in regulation of mRNA turnover since
they promote rapid mRNA decay or stabilization of transcripts. ARE are sequence elements
of 50-150 nucleotides that are rich in adenosine and uridine bases.*** Based on the number
and distribution of the pentameric motif AUUUA, ARE can be assigned to three main classes
(Table 6).** Class I AREs contain one ore more dispersed copies of the AUUUA motif
embedded within U-rich regions. Class II AREs consist of at least two overlapping copies of
the nonameric sequence UUAUUUA(U/A)(U/A) and can be further subdivided into 5 groups
based on the repetition pattern of AUUUA pentamers.”** Class III AREs lack the typical ARE
motifs AUUUA.

47



II. INTRODUCTION - Post-transcriptional Regulation

Table 6: Classification of ARE sites (modified from *** and '%)

class motif examples
c-myc
| 1-5 dispersed AUUUA motifs & fc:/s
in a U-rich context
IFN-y
GM-CSF
A (AUUU)A
TNF-a
I[:} (AUUU),A IFN-a.
Cox-2
Inc (A/U)(AUUU),A(A/U) IL-2
IFN-B
1D (AUUU);A FGF2
IE AUUUA u-PA receptor
. . . c-jun
[} no AUUUA motif, U-rich region
p53

ARE binding proteins (ARE-BP) are trans-acting factors, that bind specificially with
high affinity to AUUUA motifs and/or U rich regions in the 3’UTR of transcripts.**
Interaction of ARE-BPs with ARE can have either negative or positive effect on mRNA
stability, translation and subcellular localization.'” One ARE-BP is able to bind multiple
mRNAs and, furthermore, individual mRNAs can bind more than one ARE-BP.** Several
ARE-BP have been described. HuR belongs to the superfamily of ELAV-related proteins.*
This ubiquitously expressed protein is predominantly located in the nucleus, however can
shuttle between nuclear and cytoplasmatic compartments. HuR is able to bind to all three
classes of AREs, resulting in stabilization of transcripts in vitro and in vivo. Furthermore,
HuR serves as an adapter molecule for the nuclear export of c-FOS. AUF1/hnRNPD
(heterogeneous nuclear ribonucleoprotein D) is, like HuR, a nuclear protein and can shuttle
between the nuclear and cytoplasmatic compartment. AUF1 binds to class I and class II AREs
and induced mRNA decay under normal conditions. Upon stress (e.g. heat shock), mRNA
stability was shown to be enhanced. Tristetraprolin (TTP) is, in contrast to HuR and AUF1,
mainly located in the cytoplasm and targets only class II ARE. TTP was shown to destabilize
TNF-a, GM-CSF and IL-2.
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The mechanism, how binding of ARE-BP to the transcript alters mRNA decay rates is
still unclear. One proposed mechanism is, that ARE-BP influence the interaction of the
translation initiation factors elF4E (4E), elF4G and the poly(A)-binding protein (PARB) with
the 5°cap structure and the poly(A) tail of the transcripts.'® During translation these
molecules are thought to promote circularization of the mRNA and therefore protect the
mRNA from attack of deadenylases and decapping enzymes. Interaction of destabilizing
factors, such as AUFI1, with ARE elements might alter the interaction of PARB with the
poly(A) tail, resulting in accessibility of the poly(A) tail to PARN (poly(A) ribonuclease) and
in consequence rapid deadenylation-dependent decay. Conversely, stabilizing ARE-BPs, such
as HuR, might enhance the binding affinity of PARB to the poly(A) tail and therefore block

deadenylation.'®’

AAAAAAAAA

Binding of destablhzmg Binding of stabilizing
complex (AUF1) complex (HuR)

N

® ¢ = -
S &= S

AAAAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAA

Rapid deadenylation-
dependent decay

e

-

Figure 15: Model of ARE mediated stability of mRNA'®
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III. AIM OF THE THESIS

Human natural killer (NK) cells represent a unique subset of lymphocytes that contribute to
the immunosurveillance of tumor-transformed cells. The recognition and elimination of
cancer cells by NK cells is tightly regulated by a balance of activating and inhibitory signals
mediated through receptor/ligand interactions. The inhibitory killer immunoglobulin-like
receptors (KIR) recognize allelic groups of HLA class I molecules on target cells.
Engagement of KIRs with ,self” human leukocyte antigen (HLA) class I molecules inhibits
NK cell effector function, whereas absence of these ligands on target cells, a common
consequence of tumor transformation, triggers NK cell cytotoxicity. In addition to sensing the
lack of ,self” HLA class I molecules, NK cells need to be stimulated through binding of cell-
surface ligands on target cells to specific activating receptors. NKG2D serves as primary
activating receptor and interacts with major histocompatibility complex class I (MIC)-related
molecules, and UL-16 binding proteins (ULBP). NKG2D ligands (NKG2D-L) are absent or
expressed at low levels in healthy tissue, but are frequently overexpressed on the cell surface
of malignant cells in response to cellular stress including heat shock, DNA damage and stalled
DNA replication. The functional importance of NKG2D and its ligands in cancer
immunosurveillance has been demonstrated by accelerated tumor growth in NKG2D-deficient
mice and efficient rejection of NKG2D-L+ tumors cells.

Results from clinical hematopoietic stem cell transplantations (HSCT) indicate a
curative role for NK cells in some types of human hematopoietic malignancies. Patients with
acute myeloid leukemia (AML) undergoing haploidentical HSCT had an improved outcome
when the recipient lacked HLA class I ligands for donor inhibitory KIRs. This KIR-HLA
class I mismatch provided alloreactivity of NK cells, resulting in an enhanced recognition and
elimination of residual malignant cells by the graft-versus-leukemia (GvL) effect. However,
the effectiveness of the GvL may be limited since donor-derived NK cells display
phenotypical abnormalities and functional immaturity and since the number of potentially
alloreactive cells among donor NK cells is highly variable. Adoptive transfer of mature
alloreactive NK cells post-transplantation might be a rational approach to increase the GvL
effect in order to prevent relapse of AML patients.

Leukemic cells have developed strategies to evade recognition by NK cells. Unlike in

solid tumors, where the HLA class I molecules are frequently down-regulated, malignant
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leukemic cells express high levels of HLA class I molecules and therefore inhibit the effector
function of NK cells through binding to KIR receptors. Furthermore, AML blasts express only
low levels of activating NKG2D-L and this prevents NKG2D-mediated activation of NK
cells. In consequence, both escape mechanisms decrease the GvL effect of NK cells upon
haploidentical HSCT. A better understanding of molecular meachnisms which contribute to
regulation of activating and inhibitory ligands in cancer cells may help to develop strategies to

increase the recognition and elimination of cancer cells by NK cells.

In the first part of the thesis, our goal was to investigate molecular mechanisms which
contribute to the regulation of the activating NKG2D-L, ULBPI. Previous studies have shown
that the human NKG2D-L, MICA and MICB, as well as the murine NKG2D-L, MULT-1, are
post-transcriptionally regulated by microRNAs and ubiquitination, respectively. The
regulation of ULBP1 has not been linked to any post-transcriptional regulation mechanism so
far. Since the 2.4kb-long 3’'UTR of ULBP1 contains multiple potential regulatory elements,
like ARE motifs and microRNA binding sites, our first goal was to investigate, by using
luciferase reporter assays, whether the 3’UTR is involved in regulation of ULBP1. The
involvement of ARE sites and specific candidate microRNAs in ULBP1 regulation was
studied by mutating the regulatory elements in the 3’UTR, by overexpression of candidate
microRNAs and by silencing of endogenous microRNAs with antisense molecules.

In the second part of the thesis, our aim was to develop approaches, which may allow
to augment recognition and elimination of cancer cells by NK cells. The emphasis of our
work was on the NKG2D-L-mediated susceptibility of AML blasts by NK cells. Previous
studies have shown that induction of NKG2D-L surface expression can be achieved by
treatment of cancer cells with the histone deacetylase inhibitor (HDAC1) valproic acid (VA).
The first strategy used in our work was to examine the effect of HDACi, VA and trichostatin
A, on NKG2D-L expression and its functional consequences. In these experiments, we used
both primary human AML blasts or normal human fibroblasts and analyzed the endogenous
NKG2D-L expression and the effect of HDACi in ULBP1-3’UTR luciferase reporter assays.
A second strategy in our work was to improve the recognition of AML blasts by NK cells, by
circumventing the inhibitory effect of KIR signaling. In order to increase alloreactivity of NK
cells we generated NK cell lines, expressing only one KIR receptor on the cell surface, and

investigated their cytotoxicity towards KIR-HLA class —mismatched primary AML blasts.
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Despite their different objectives, both projects have a common aim: to augment the
activation of NK cells in order to eliminate cancer cells either by strengthening of the
activating signaling or by circumventing the inhibitory signaling. A better understanding, on
how activation of NK cells can be increased may contribute to development of new

immunotherapeutic approaches in anti-cancer treatment.
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IV. RESULTS (PART 1)

1. Post-transcriptional regulation of ULBP1, a ligand for the

activating immunoreceptor NKG2D

1.1 Introduction

NKG2D is a major activating immunoreceptor expressed on cytotoxic NK cells and CD8" T
cells, playing a key role in tumor surveillance and viral defense®. Ligands for NKG2D,
ULBPs and MICA/B, are rarely expressed on healthy cells but can be induced upon cellular
stress, malignant transformation and viral infection.'™ In consequence, ligand-expressing
abnormal cells are recognized by immune effector cells, resulting in triggering of cytotoxicity
and cytokine production. However, in many human tumors including acute myeloid leukemia
(AML) expression of NKG2D-L is low or absent, contributing to poor recognition by immune

3713 Thus, increasing surface levels of NKG2D-L could represent a therapeutic

effector cells.
approach to increase the immunogenicity of tumors. The precise mechanisms of how
NKG2D-L are regulated are however incompletely understood. A better understanding of
NKG2D-L regulation would be needed in order to be able to modulate the expression of these
molecules for therapeutic interventions in cancer treatment.

Discrepancies in mRNA levels and surface expression of NKG2D-L suggest, that not
only transcriptional, but also post-transcriptional mechanisms could contribute to the
regulation of NKG2D-L.** Two important mechanisms of post-transcriptional regulation are
microRNA- and ARE-mediated regulation. The regulatory elements, ARE motifs and
microRNA binding sites, are mainly located within the 3’UTR of mature mRNAs. Indeed,
endogenous microRNAs have been identified to control MICA and MICB protein expression
by serving as a threshold mechanism to prevent undesired upregulation of MICA/B resulting

from small fluctuations in the amount of MICA and MICB mRNA.”’ F urthermore, miR-520b
is induced upon treatment with IFN-y, and directly regulates MICA by targeting its 3’UTR.”®
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NCBI database search of the NKG2D-L transcripts revealed the presence of 3°’UTRs
in mRNAs of five out of seven ligands (Fig. 16). ULBP1 and MICB possess long 3’UTRs
(2.4kb and 1.4kb, respectively), whereas the 3’'UTRs of ULBP2, RAETIE and MICA are
clearly shorter (32 — 530 bp). Futhermore, at least one pentameric ARE motif, AUUUA, is
present in each 3°’UTR, except for RAETIE.

length 3'UTR 1kb 2kb
I i i i >

ULBP1 H—i el 2362 bases
ULBP2 [————milalll 530 bases
ULBP3 | 0 bases
RAETTE [@ 32 bases
RAET1L | 0 bases
MICA [Jmm 174 bases
MICB | ool 1214 bases | AuuuA

Figure 16: Length of 3’UTRs and presence of ARE motifs

Computational prediction by Targetscan V5.1 algorithm showed, that all NKG2D-L
3’UTRs contain potential microRNA binding sites (Table 7), which are not restricted to a
particular region in the 3’UTR but distributed all over the 3’UTR. The vast majority of
microRNAs are predicted to target the 3’UTR at only one position, however some
microRNAs are potentially capable to bind the 3’UTR at two or more sites (Table 7).

The different properties of NKG2D-L 3’UTRs together with the fact, that the
expression level of individual NKG2D-L differs considerably among different tumors and
infected cells indicate, that the various NKG2D-L might be regulated by different
mechanisms.” The presence of four ARE motifs and as well as 195 potential microRNA
binding sites in the ULBPI-3’UTR prompted us to investigate if post-transcriptional

mechanisms are involved in regulation of ULBP1.
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Table 7: Characteristics of NKG2D-L 3'UTRs (March 2010)

prediction by Targetscan V5.1

Total number of

;E:iﬂ[‘b()f Numbfer of .Numbero.f FiiR binding sits
pl ARE sites different miRs in the 3'UTR
ULBP1 2362 4 149 195

ULBP2 530 4 35 35

ULBP3 - - - -

RAET1E 32 - 2 2

RAETIL - - = =

MICA 174 1 26 28

MiCB 1214 2 133 186
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1.2 Material and Methods

1.2.1 Cell culture

HeLa (cervical carcinoma cell line), Jurkat (T cell leukemia cell line), K562 (chronic myeloid
leukemia cell line) and Raji (Burkitt lymphoma) cells were cultured in DMEM (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FCS) (Invitrogen) and
Penicillin/Streptomycin (Invitrogen). Human dermal foreskin fibroblasts (HFF) were
purchased from Invitrogen (Carlsbad, CA) and cultured in Medium 106 and Low Serum
Growth Supplement, as provided by the supplier. HFF were treated for 24 hours with the
HDAC inhibitor trichostatin A (TSA; Sigma, Buchs, Switzerland), 5-fluorouracil (5-FU; Teva
Pharma,Switzerland), aphidicolin (Sigma-Aldrich, St Louis, MO) or valproic acid (VA;

Orfiril; Desitin, Liestal, Switzerland) at indicated concentrations.

1.2.2 Cloning of luciferase expression vectors

The full length 3’UTR of ULBP1 was amplified by PCR from .M.A.G.E. Full Length cDNA
clone IRATp970D01103D (imaGenes, Berlin, Germany) with primers containing Notl
restriction sites (Table 8), subcloned into pGEM-T vectors (Promega, Madison, WI) and
inserted into the Nof site of the Renilla luciferase reporter vector pRL-con (kindly provided
by W. Filipowicz, FMI, Basel) immediately downstream of Renilla luciferase coding region
to produce pRL-U1-UTR (Fig. 17).** The orientation of the insert was determined by PCR.
Nine fragments of the ULBPI-3’UTR, Ul-1 to Ul-9, were generated by specific PCR
amplification from the ULBP1-3’UTR c¢DNA clone with fragment-specific forward and
reverse primer containing Notl sites (Table 8), subcloned into pGEM-T and inserted into the
Notl site of pRL-con (Fig. 17). The pRL-U1-6dupl construct was generated by amplification
of U1-6 from the ULBP1-3’UTR cDNA clone with primers containing Xbal sites (Table 8),
and inserted into the Xbal site of pRL-Ul-6, between the Renilla luciferase gene and the
fragment U1-6.
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Nhel Xbal  Notl

IR

Nhel Xbal  Notl Notl

{amv == ’E “ PRL-U1-UTR

Figure 17: Scheme of pRL-con and pRL-U1-UTR. T7 = T7 promoter; T3 = T3 promoter; CMV =

cytomegalovirus; hRL = Renilla luciferase.

Mutated fragments of ULBP1-3’UTR, containing base pair substitutions or deletions
in potential microRNA seed sequences (Fig. 18) or in predicted ARE sites (Fig. 19), as
indicated in the Result sections, were ordered from DNA 2.0 (Menlo Park, CA), subcloned
into p-GEM-T vectors and inserted into the Notl site of pRL-con. All products were verified
by sequencing.

For stable luciferase expression, we used the lentiviral vector MA1 containing two
expression cassettes driven by a bidirectional promoter (kindly provided by L. Naldini,
Milano).**® The ALNFGR gene was excised by digest with Xmal and Sa/l, and replaced by a
Renilla luciferase expression cassette. The Renilla luciferase gene with and without the full
length ULBP1-3’UTR was amplified from pRL-U1-UTR with primers containing Xmal or
Sall restriction sites (Table 8) and subcloned into pGEM-T. Both fragments were inserted into
the lentiviral vector MA1 to produce LV-RL-con and LV-RL-U1-UTR. Lentiviruses were

produced as described.**’
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Table 8: Primers for cloning of transient and lentiviral luciferase reporter vectors

vector system fragment orientation sequence
full length, U1-1, U1-2, U1-3 for 5' AA GCGGCCGC GGA GAG TTG TTT AGA GTG ACA G 3'
full length, U1-9 rev 5' AA GCGGCCGC TTC CATTATACA GTGTTT AATTG 3'
u1-1 rev 5' AA GCGGCCGC GCCTTTTGC TGG GATTTCTTG TT 3'
U1-2 rev 5' AA GCGGCCGC GGC AAC ATA GGA AGA CCC TACCT 3'
u1-3 rev 5'AA GCGGCCGC TTA CAGTTTTAGTACTTATATTT 3'
u1-4 for 5' AA GCGGCCGC AAG AAATCC CAG CAAAAGGCATT 3"
U1-4 rev 5' AA GCGGCCGC GAC CAT CCT GGG CAA CATAGG AA 3'
E £ u1-5 for 5' AA GCGGCCGC TTC AAATCT TGG TCT CGA GCA AT 3'
E % U1-5 rev 5' AA GCGGCCGC TCCAGGATTTITACAGTTTTAGT 3'
é g u1-6 for 5' AA GTCGAC GCGGCCGC TTC AAATCT TGG TCT CGA GCA AT 3'
‘g g_ U1-6 rev 5' AA GTCGAC GCGGCCGC GGT GTG CAG GTT GATTTC TGG 3'
£- U1-6dupl for 5' AA TCTAGA TTC AAA TCT TGG TCT CGA GCA AT 3'
U1-6dupl rev 5' AA TCTAGA GGT GTG CAG GTT GATTTC TGG 3'
u1-7 for 5' AA GTCGAC GCGGCCGC CCG CCA TCT AATCTT CAATAG 3'
U1-7 rev 5' AA GTCGAC GCGGCCGC TCC AGG ATT TTT ACA GTTTTA GT 3'
uU1-8 for 5' AA GTCGAC GCGGCCGC TGG AAT ATA ACC TAA GAAATACC3'
U1-8 rev 5' AA GTCGAC GCGGCCGC TGT AAT GAA CAT ATT GGT GCA GG 3'
u1-9 for 5' AA GTCGAC GCGGCCGC GTG CTA TTC TCA CCA GCA AG 3'
u1-9 rev 5' AA GTCGAC GCGGCCGC TTC CATTATACA GTGTTT AATTG 3'
= 95 e pRL-con, pRL-U1-UTR for 5' AA TTCCCGGG CTC ACT ATA GGC TAG CCACC3'
é § §_ ﬁ pRL-con rev 5' AATTGTCGAC CTA GAATTACTGCTCGTTCTTC 3
23&? pRL-U1-UTR rev 5' AA TTGTCGAC CAT TAA CCC TCA CTA AAG GGA A 3'
Notl miR-650
Ul-6 5' AAGTCGACGC GGCCGCTTCA AATCTTGGTC TCGAGCAATG CTACCACCTT GGCCTCCCAA 31
Ul=6 25UbD 5% ——mmmmmm e e e -——-AG---- 3"
Ul-6 4del 5' —mmmmmmme e e e e ———XXXX--- 31

miR-140-5p
_

Ul—-6 5' TGCTCTGGGA TTACAGACAT GAACCACAGT GCCTGTTGTA GAAATTTTTA ATTATTTAAT 3V
Ul-6 25ub 5' =—===—————= —mmmmmm—eo oo TG-== ————————mm mmmm e oo 3»
Ul-6 4del 5' =—=—===——=-= ———mmm——m o XXX ==== —mmmmmmmmm —mmmmmem oo g
i miR-433-3p
_miR-409-3p_
; miR-380-3‘p:
Ul-6 5' ATGAAAATAT TACATTCATG ATTATTTTAT TTAGTAAATA AAATAATAGA GAGCCCAGAA 3%
Ul-6 2sub 5' =—---————-- “TG====TA= —————=—mmm= mmmm e oo o 33
Ul-6 4del 5" —-=——————- X MXA=== XXX, S=mmmmmans Eomescecesiis  Mosoumnseens SEsrssee 3N
Notl
I
Ul—-6 5' ATCAACCTGC ACACCGCGGC CGCAGTCGAC AA 3*
Ul-6 25Ub 5' =—=—=————== —mmmmm—— o -- 3
Ul-6 4del 5' —=—=—==——=—-= —mmmmmmmmm oo -- g»

Figure 18: Oligonucleotides with seed sequence mutations in fragment U1-6. The 5’ and 3’ flanking region

contains Notl restriction sites. X = deletion
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Ul—5 5% AAGTCGACGC GGCCGCTTCA AATCTTGGTC TCGAGCAATG CTACCACCTT GGCCTCCCAA 3"
Ul=5 muf 5 =—————osos Sossmmomee Smsss s e S S Seee Se S 31
Ul-5 mut2 5' —-------—m momm oo o e o oo 31
Ul=5 5% TGCTCTGGGA TTACAGACAT GAACCACAGT GCCTGTTGTA GAAATTTTTA ATTATTTAAT 3"
Ul~S MUE. 8 —oommrore commcmciceet cmmcieeimiere et e e e G B2
Ul-5 mut2 5% ---------- —--momomom oo o oo o GGG---  3*
Ul=5 5" ATGAAAATAT TACATTCATG ATTATTTTAT TTAGTAAATA AAATAATAGA GAGCCCAGAA 3!
Ul=s muk 5 ==sSr=cEEs sSESSENceEs SSEES Cem== Cer=mr=rss Sra=ssr=ss ERrarerens 33
Ul-5 mut2 5% =—--———--mm —mmmmmm e oo GGGG-G GG-———==== ———===———— —mm————— e 30
Ul-5 5% ATCAACCTGC ACACCTACCG CCATCTAATC TTCAATAGAA ATGGGCAATG TGGGAAAGAC 3!
Ul=d WAL S} roorme—morms smescmccoso commoemens moseoomomn mememees RS ee 32
Ul=5 M2 &} =rrrmr—ocsmes oncccmccon Cosomomese SEmESERoSe SESmeEeT | S i
Ul—=§ 5% TCCCTATTCG AAAATTAGTG CTGGAATATC TGGCCAACCA TATGCAGAAG AATGAAACTG 3"
Ul-5 mut 5% =—---—-—-—m mmmm oo e s e - 30
Ul-5 mut2 5% —-——-————m mmm oo o s e - g
Ul=9 5% AACCCCTACT TCTCCCCATA TATGTAAAAT AATTCAATAT GGATGAAAGA TTTAAATATA 3"
L i [ R B e e e e T Grmmm—mmmm= 31
Ul=8 fTEZ 5 —mmmmmmo—s commrmcros s e e BEG-—————— 3
Ul-5 5% AGTACTAAAA CTGTAAAAAT CCTGGAGCGG CCGCAGTCGA CAA 3
Ul=p mug :5' SESECEEEEE SSETSEEDEN SSESSCESTn SeneEsssEs EeE 3"
Ul=5 L2 5} ———mm——oms mmmoreomee cmcmmmee meme e e St
Ul=9 5% AAGTCGACGC GGCCGCGTGC TATTCTCACC AGCAAGGACA GAGAATCAAT CTAAGTGCCC 3!
Ul-9 mut2 5' —————————— —mmm oo o s e - 3"
Ul-9 5% AACAACAGTA AATTCAATGA AAAAAAATGT GGTACATAGA TACGATGGAA AACTATGCAG 3"
Ul-9 mut2 5% —---————mmm oo o e 3
Ul-9 5% CCATGAAACA CAAGAAAATC ATGTCCTTTT CAGCAACATG GATGCAACTA GAGGCTATTA 3"
Ul-9 mut2 5% —---———m—m mm oo o s o m e g
Ul-9 5% TCCTAAGCAA CCTAATGCAA GAACAGAAAA CCACATACTG CATCTTCCCA TTGGAAAGTG 3!
Ul-9 mut2 5' ---------- —ommmoo oo oo o o oo 3
Ul-9 5% GCAGCTAAAC ATTAAATTCG CATGAACCAC AGATGCTGGA GATCACCAGA CCGGGGAGAG 3!
Ul—8 MAEZ S} —or—mc—me—s smmmcmessie Cmmememee e s, e i GR
Ul-9 5% AAGAGGGGCA CCTGGGCTGA AAAACACACC TGTTGGGTAT CATGCTTACT GTCTGGGCGA 3"
Ul-9 mut2 5% =—=———————— mmm e o e —mmmm 8
Ul-9 5% TGGGATCATT GGGACACCAA GCCTCAGCTT CTCAAATTCT ACCCATGTAA CAAACCTGTA 3"
Ul-9 mut2 5% —-———mmmmm oo e s e o 3
Ul=9 5% TATGTACCTT GTATTATATA GGTTGAAATT AAAGATGAAT AAATAAAATA AAATGACACA 3"
Ul=9 mut2 5V =sorssssrEs EEEEersEss SEESSEmErs SEESTEEEEE SEEEEESEeE  SEEEEEsTes g
U1-9 5% AGGCCAAAAA CAAATGGGTT TAACTGACCA GAGCGAGAG AACTCTGCACT ATGAACCCAA 3!
Ul=8 MUtZ BY r~—mcmsmcrm=e coormorscss SESCSSSaTS SREARSISeT SRS S 3"
Ul-9 5' ACCCAGCTCA AAAAGATAAA ATCTAGTCAT TTAAGATAAT CATAAGTTGT ATGATGATAA 3°
Ul—8 MitZ 8V cormoscoms seemcemsme cmmmeme] G Ghrm=rrmcs sorormnens S g\
Ul-9 5% TTGTATAAAA ATTTGTATGA TGATAATTGT ATAATAATTA TACATGAAAG TGCCAAAACC 3"
Ul-9 mut2 5% ———-—---—- —mmm oo oo o o o 3"
Ul-9 5' CTACAATTAA ACACTGTATA ATGGAAGCGG CCGCAGTCGA CAA 30
Ul-9 mut2 5' -—--------- - —omm oo oo o 3"

Figure 19: Mutations in ARE sites of fragment (A) U1-6 and (B) U1-9. Red letter indicate Notl restriction

sites.

59



IV. RESULTS (PART 1) — Materials and Methods

1.2.3 Luciferase assay

Jurkat cells (6x10° cells/well) were transfected in duplicates in 24-well plates with 20ng of
luciferase reporter vectors and 250ng of the vector pGL4.13 containing Firefly luciferase
(Promega), using Lipofectamine 2000 (Invitrogen). HeLa cells were plated at 4x10” cells/well
one day prior to transfection with 20ng of luciferase reporter vector and 150ng of pGL4.13.
Renilla and Firefly activities were measured 48 hours after transfection using the Dual-
Luciferase Reporter Assay (Promega) on a MicroLumat Plus reader (Berthold Technologies,
Bad Wildbad, Germany). Renilla luciferase light values were divided by Firefly luciferase
light values, and ratios were normalized against control plasmid pRL-con. In cells stably
transduced with LV-RL-con or LV-RL-U1-UTR, Renilla luciferase activity was measured
with the Renilla Luciferase Assay (Promega) using equal cell numbers and normalized to the
percentage of GFP expressing cells. Paired Student’s t-test was used to compare the effect of
different reporter vectors on luciferase activity.

For microRNA silencing, HeLa and Jurkat cells were co-transfected with 100 nM of anti-
miR-140-5p (Ambion, Austin, TX) and luciferase reporter constructs, using Lipofectamine

2000. Luciferase activity was measured 48 hours after transfection.

1.2.4 Flow cytometry

NKG2D-L surface expression was determined using multiparametric FACS (FACSCalibur;
BD Biosciences). Cells were stained with control mouse IgGl (BD Biosciences) or
unconjugated mouse monoclonal antibodies (mAbs) against ULBP1 (M295; kind gift of D.
Cosman, Amgen, Seattle, WA), MICA/B and HLA class I (BD Biosciences) at 10 pg/mL and
with secondary goat-anti mouse IgG-FITC (Jackson ImmunoResearch, West Grove, PA) or
goat-anti mouse IgG-Alexa647 (Molecular Probes, Invitrogen). For staining of HFF, the
directly labeled mouse mAb ULBP1-PE (R&D Systems, Minneapolis, MN) or mouse IgG2a-
PE isotype (BD Biosciences) was used. Propidium iodide (Sigma) was used to exclude dead
cells from analysis. Cells were acquired using FACS (FACSCalibur; BD Biosciences) and
analysis was performed using FlowJo software (Tree Star, Ashland OR). Surface expression
levels of NKG2D-L were defined as the mean fluorescence intensity ratio (MFIR) of values

obtained with specific mAbs divided by values given by secondary or control mAbs.*
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1.2.5 Quantitative RT-PCR

Total RNA was isolated using Trizol (Invitrogen). Reverse transcription was performed with
High Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time polymerase chain reaction (QPCR) was performed in duplicates using
Power SYBR Green PCR master mix on an ABI Prism 7000 (Applied Biosystems) under the
previously described conditions.”*® The primer pairs used for quantification of specific
mRNAs are listed in Table 9 and were in part described previously. PCR reactions were
normalized to RPL19 for Drosha, ULBP1, MICA and MICB transcripts using the 247
method.**®

To quantify luciferase transcripts after transient transfection of reporter vectors, total
RNA was treated with TURBO DNA-free Kit (Ambion, Austin, TX) and cDNA was
generated as described above. Control reactions without reverse transcriptase were performed.
Primers specific for Renilla and Firefly luciferase are listed in Table 9. Renilla luciferase

transcripts were normalized to Firefly luciferase transcripts.

Table 9: Primers for real-time PCR. * published in’*’; ** published in®’.

gene sequence

ULBP1 * for 5'GTA CTG GGA ACA AATGCTGGAT3'
rev 5'AACTCT CCT CAT CTG CCA GCT 3'

MICA ** for 5'ACA ATG CCCCAGTCCTCCAGA 3'
rev 5'ATT TTA GAT ATC GCC GTA GTTCCT 3'

MICB ** for 5'TGA GCCCCA CAGTCTTCGTTAC3'
rev 5'TGC CCT GCGTTT CTG CCT GTCATA 3'

Drosha for 5'GCA GTTATTTGGACGCTTGC 3'
rev 5'AGTTGT CGA TCA GTATTT GGC 3'

RPL19 for 5'GATGCC GGA AAAACACCTTG3'
rev 5'TGGCTGTACCCTTCCGCTT3'

Renilla luciferase for 5'GACAAGATCAAGGCCATCGTC3'
rev 5'CTC GATCACGTCCACGACAC3

Firefly luciferase for 5'GGGCTGAATACA AACCATCG3'
rev 5'GTT GTA GAT GTC GTT AGC TGG 3'

Stem-loop quantitative RT-PCR for mature microRNAs (TagMan microRNA Assays,
Applied Biosystems) was performed on an ABI Prism 7500 Real-Time PCR system (Applied
Biosystems) according manufacturer’s recommendation. Synthetic microRNAs miR-16, miR-

140-5p, miR-496 and miR632 (kindly provided by I. Beuvink, Novartis, Basel, Switzerland)
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were used as positive control. PCR reactions were run in duplicates, and microRNA
expression, relative to hsa-miR-16, was calculated.”*® The threshold of microRNA expression

was defined as ACT(miR-16 — miR-X) < 12.

1.2.6 MicroRNA overexpression

Complementary oligonucleotides designed to form artificial pre-microRNA hairpins (Table
10; ordered from Eurogentec, Seraing, Belgium), were annealed by heating to 95°C for 5
minutes and slow cooling to room temperature, phosphorylated by using T4 polynucleotide
kinase and inserted into the HindIIl and Bg/lI sites of a modified pSUPER vector.””**" The
overexpression vectors were transiently transfected into Jurkat cells with indicated
concentrations, using Lipofectamine 2000, and FACS, luciferase assay and isolation of RNA

was performed 48 hours later.

Table 10: Oligonucleotides for cloning of microRNA-overexpression vectors

microRNA Oligo Sequence

miR-140-5p Oligol 5' GATCCCCAGTGGTTTTACCCTATGGTAGTTCAAGAGACTACCATAGGGTAAAACCAC GGAAA 3!
Oligo 2 5'AGCTTTTCCAAAAAAGTGG ACCCTATGGTAGTCTCTTGAACTACCATAGGGTAAAACCACTGGG 3'

miR-380-3p Oligol 5' GATCCCCTATGTAATATGGTCCACATCTTTTCAAGAGAAAGATGTGGACCATATTACATA GGAAA 3'
Oligo 2 5'AGCTTTTCCAAAAATATGTAATATGGTCCACATCTTTCTCTTGAAAAGATGTGGACCATATTACATAGGG 3'

miR-381 Oligol 5' GATCCCCTATACAAGGGCAAGCTCTCTGTTTCAAGAGAACAGAGAGCTTGCCCTTGTATATTTTTGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAATATACAAGGGCAAGCTCTCTGTTCTCTTGAAACAGAGAGCTTGCCCTTGTATAGGG 3'

miR-409-3p Oligol 5' GATCCCCCGAATGTTGCTCGGTGAACCCCTTTCAAGAGAAGGGGTTCACCGAGCAACATTCGTTTTTGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAACGAATGTTGCTCGGTGAACCCCTTCTCTTGAAAGGGGTTCACCGAGCAACATTCGGGG 3'

miR-433-3p Oligol 5' GATCCCCATCATGATGGGCTCCTCGGTGTTTCAAGAGAACACCGAGGAGCCCATCATGA GGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAAATCATGATGGGCTCCTCGGTGTTCTCTTGAAACACCGAGGAGCCCATCATGATGGG 3'

miR-578 Oligol 5' GATCCCCCTTCTTGTGCTCTAGGATTGTTTCAAGAGAACAATCCTAGAGCACAAGAAGTTTTTGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAACTTCTTGTGCTCTAGGATTGTTCTCTTGAAACAATCCTAGAGCACAAGAAGGGG 3'

miR-650 Oligol 5' GATCCCCAGGAGGCAGCGCTCTCAGGACTTCAAGAGAGTCCTGAGAGCGCTGCCTCCTT GGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAAAGGAGGCAGCGCTCTCAGGACTCTCTTGAAGTCCTGAGAGCGCTGCCTCCTGGG 3'
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1.2.7 ULBP1 overexpression

HeLa and Jurkat cells were transfected with 200ng or 400ng of the ULBP1 overexpression
vector RSV.5ULBPI or the control vector RSV.5neo”' (kindly provided by A. Steinle,
Frankfurt a. Main, Germany), using Lipofectamine 2000. Surface expression levels of ULBP1

were measured 48 hours after transfection.

1.2.8 Knockdown of Drosha with short hairpin RNA (shRNA)

Lentiviral vectors containing a Drosha-specific ShARNA (LV-shDrosha) or a control shRNA
(LV-shControl), as well as a GFP expression cassette were kindly provided by O.
Mandelboim, Jersualem, Israel.”> Lentiviruses were produced as described and HeLa cells
were transduced.”*’ The number of GFP" cells was measured by FACS to assess transduction
efficiency. NKG2D-L surface expression and RNA levels were measured five days after
infection. To perform the luciferase assay, HeLa cells were transduced with pRL-con or pRL-
UI1-UTR, sorted for GFP and subsequently transduced with LV-shDrosha or LV-shControl.
Seven days upon the second infection, luciferase activity was measured as described above.

The doxycycline (DOX)-inducible lentivector shDrosha and the control vector pTIG were
kindly provided by J. Rossi, Duarte, CA. *** Lentiviruses were produced as described and

d.**” The number of GFP" cells was measured by FACS to assess

HeLa cells were transduce
transduction efficiency. Infected cells were treated for eight days with DOX (1 pg/mL)
(Clontech, Mountain View, CA) and NKG2D-L surface expression and RNA levels were

measured.
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1.3 Results

1.3.1 Role of the 3°’°UTR in regulation of ULBP1 expression

Since various cells and tissues were shown to express ULBP1 mRNA in the absence of
ULBP1 protein detectable on the cell surface,”’ these discrepancies implicate that post-
transcriptional mechanisms might be involved in regulation of ULBP1 expression. To
investigate whether the ULBP1-3’UTR is involved in regulation of ULBP1 gene expression,
we constructed a Renilla luciferase reporter plasmid containing the 2.4 kb full length 3°UTR
of ULBPI1 (pRL-U1-UTR; Fig. 20A) and transiently transfected the construct into tumor cell
lines. The transfection efficiency was assessed by co-transfection with a Firefly luciferase
plasmid. Upon transfection of pRL-UI-UTR into HeLa, Jurkat and K562 cells, luciferase
activity was reduced to13.1%+2.5%, 7.3%+0.8% and 25.7%+9.8% compared to control
luciferase vector without 3’UTR (pRL-con) (Fig. 20A).

In order to examine the role of the ULBP1-3’UTR in primary cells and cell lines,
which are resistant to transient transfection with lipofectamine, we additionally generated a
lentiviral luciferase vector containing the ULBP1-3’UTR (LV-RL-UI-UTR; Fig. 20B).
Transduction efficiency was monitored by measuring the number of GFP" cells by FACS. In
accordance with the transient reporter system, luciferase activity was strongly reduced in
Jurkat, HeLa and K562 cells upon stable transduction with LV-RL-U1-UTR compared to
control construct LV-RL-con (Fig. 20B). Furthermore, the luciferase activity in Raji cells and
primary human foreskin fibroblasts (HFF) was reduced to 12.0%+0.8% and 38.3%%+3.5%
upon transduction with LV-RL-UI-UTR (Fig. 20B). These data indicate, that the ULBP1-
3’UTR is involved in regulation of ULBP1 expression.
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Figure 20: Scheme of luciferase reporter constructs and luciferase activity in tumor cell lines and primary
human foreskin fibroblasts. (A) The 2.4 kb full length 3’UTR of ULBP1 was inserted downstream of a
luciferase open reading frame into the parental vector pRL-con, resulting in pRL-U1-UTR. Luciferase activity of
pRL-con (light grey) and pRL-U1-UTR (dark grey). Results are means = SEM of duplicates (Hela: n=14; Jurkat:
n=20; K562: n=2). (B) The full length ULBP1-3’UTR, fused to the luciferase gene or the luciferase gene alone
were inserted into a lentiviral vector (LV-RL-con and LV-RL-U1-UTR, respectively). Luciferase activity was
measured seven days after transduction with LV-RL-con (light grey) and LV-RI-U1-UTR (dark grey). Results
are means + SEM (Hela: n=8; Jurkat: n=5; K562: n=2; Raji: n=2; HFF: n=4).

1.3.2 Role of ARE in regulation of ULBP1 expression

Sequence analysis revealed the presence of four AUUUA motifs in the 3’UTR of ULBP1
mRNA (see Fig. 16). ARE motifs within the 3’UTR are crucial determinants of transcript

instability in mammalian cells.***

To determine the contribution of ARE to regulation of
ULBPI1 expression, we simultaneously mutated three AUUUA sites within a 367bp-long
fragment (U1-5) of the ULBP1-3’UTR (Fig. 19A and Fig. 21A) by substitution of one or
three nucleotides, giving rise to pRL-U1-5-AREmutl (ATTTA to ATGTA) and pRL-U1-5-
AREmut2 (ATTTA to AGGGA). In addition, a ARE-like site ATTTTA located in fragment
U1-5 was mutated (ATTTTA to ATGTTA or AGGGGA). Likewise, we inactivated one
AUUUA motif within a 669bp-long fragment (U1-9) by replacement of three nucleotides

(ATTTA to AGGGA; see Fig. 19B and Fig. 21A), resulting in luciferase reporter vector pRL-
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U1-9-AREmut2. Transfection of the mutated reporter plasmids into HeLa and Jurkat cells did
not result in an increased luciferase activity compared to the unmutated constructs (Fig. 21B)
as would be expected from inactivation of mRNA destabilizing elements. Instead, a reduction
in luciferase activity was observed in HeLa cells (U1-5: 100% vs. 60.5%=+6.64% (p=0.0040)
vs. 87.3%=+2.1%; U1-9: 100% vs. 77.6%+3.2%), and similar results were obtained for Jurkat
cells. Therefore we conclude, that ARE sites are unlikely to play a major role in negative

regulation of ULBP1.
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Figure 21: Mutation of ARE in two regions of the U1-3°UTR. (A) Schematic localization of ARE in fragment
Ul-5 and U1-9 of the U1-3’UTR. The sequence motifs ATTTA (red) and ATTTTA (purple) were mutated by
single base substitutions T to G (light and dark green) or by substitution of 3 bases TTT to GGG (light blue) and
4 bases TTTT to GGGG (dark blue), respectively. Mutated fragments were inserted into pRL-con. (B)
Luciferase activity was measured upon transient transfection of wild-type and mutated pRL-U1-5 (light grey)
and pRL-U1-9 (dark grey) into HeLa and Jurkat cells and normalized to the activity of the corresponding wild-

type reporter vectors (pRL-U1-5 and pRL-U1-9, respectively). Results are means + SEM of duplicates (n=2-5
for HeLa and Jurkat). * = p <0.05; ** =p <0.01.
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Figure 22: Prediction of potential microRNA binding sites in the ULBP1-3’UTR. Prediction was performed
using Targetscan V5.1 (March 2010)

1.3.3 Role of ULBP1-3’UTR fragments in regulation of ULBP1 expression

In order to examine the involvement of microRNAs in regulation of ULBP1 expression, we
searched for potential microRNA binding sites in the ULBP1-3’UTR by computational
prediction. Analysis by the Targetscan algorithm revealed, that potential regulatory elements
are distributed over the entire ULBP1-3’UTR (Fig. 22). To identify regions with high
regulatory potential, we cloned nine fragments of the ULBP1-3’UTR (length: 178 - 1052 bp)
downstream of the luciferase gene and transiently expressed the constructs pRL-U1-1 to pRL-
UI-9 in Jurkat and HeLa cells (Fig. 23A). Significant reduction of luciferase activity
compared to pRL-con was observed for all fragments (Fig. 23B). Luciferase activity ranged
from 19.1%+2.0% (U1-3) to 49.2%+8.4% (U1-7) in HeLa, and 23.8%+5.2% (U1-3) to
61.9%=+14.6% (U1-1) in Jurkat cells. Remarkably, none of the fragments was as potent as the
the full length reporter construct pRL-U1-UTR. These observations suggest, that regulatory
elements are located within the whole 3’UTR rather then restricted to specific areas.

Luciferase activity was most efficiently reduced in cells transfected with pRL-U1-3 (HeLa:
19.1%+2.0%; Jurkat: 23.8%+5.2%). Among the fragments within the region Ul-3, less
pronounced reduction of luciferase activity was observed for fragment Ul-1 (61.9%=+14.6%),

Ul-4 (56.6%=*18.5%), and Ul-5 (36.5%=+3.6%) in Jurkat cells. The luciferase activity
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observed for the subfragment U1-6 was only slightly higher compared to U1-5 (41.1%+1.5%
vs. 36.9%+3.6%) in Jurkat cells, and almost equal (39.6%+3.9% vs. 40.0%=+3.4%) in HelLa
cells. Therefore we decided to concentrate in our further studies on the 178-bp-long fragment
Ul-6, which contains only a limited amount of binding sites for candidate microRNAs.
Moreover, we included fragment Ul-9 in our studies, since luciferase activity upon
transfection with pRL-U1-9 revealed a highly reduced lucferase activitiy (25.6%=+1.4%) in

Jurkat cells, which was comparable to luciferase activity upon transfection with pRL-U1-3.
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Figure 23: Luciferase activity of reporter plasmids, containing fragments of U1-3°’UTR. (A) Fragments of
the full length ULBP1-3’UTR were inserted downstream of the Renilla luciferase gene into the parental vector
pRL-con. (B) Luciferase activity was measured upon transient transfection into HeLa and Jurkat cells and
normalized to pRL-con. Results are means + SEM of duplicates (n=2-14 for HeLLa and n=2-20 for Jurkat). prom

= promoter; RL = Renilla.

68



IV. RESULTS (PART 1) - Results

Binding of microRNAs to the 3’UTR of target genes results in translation repression or
mRNA degradation."® To investigate the post-transcriptional mechanism leading to reduced
luciferase activity, we measure reporter mRNA levels upon transient transfection with
luciferase constructs (full-length ULBP1-3’UTR and fragments) in HeLa and Jurkat cells by
qPCR, using primers located in the Renilla luciferase. mRNA levels of Renilla luciferase were
first normalized to mRNA levels of Firefly luciferase gene and then to pRL-con. mRNA
levels of different reporter constructs were subsequently correlated with luciferase activity
(Fig. 24). Independent of the transfected fragments, levels of reporter mRNA in HeLa cells
were low (2.4% to 21.8%) compared to control vector, indicating that reduced luciferase
activity is most likely caused by degradation of mRNA. In contrast, high levels of reporter
mRNA, ranging from 30.8%+2.4% to 110.4%=+19.7%, were detected in Jurkat cells which is
best explained by translational repression rather then RNA degradation. This experiments

suggests, that the expression of ULBP1 in HeLa and Jurkat cells might be regulated by two

different mechanisms.
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Figure 24: Levels of reporter mRNAs correlated with luciferase activity in Hela and Jurkat cells. mRNA
expression levels of luciferase reporters and luciferase activity were measured upon transient transfection of

reporter constructs into HeLa (@) and Jurkat () cells. (n=1-4)
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1.3.4 Role of region U1-6 in regulation of ULBP1

Since target site multiplicity is thought to enhance the degree of translational repression'®*, we
generated a reporter vector containing a duplication of fragment Ul-6 (pRL-UI-6dupl).
Compared to pRL-U1-6, luciferase activity was reduced in HeLa (100% vs. 81.3%+3.9%) and
Jurkat (100% vs. 71.6%+2.8%) cells transfected with pRL-U1-6dupl (Fig.25). These results

provide additional evidence, that fragment U1-6 contains regulatory elements of ULBPI.
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Figure 25: Luciferase activity of reporter constructs containing a duplication of U1-6. Luciferase activity
was measured upon transient transfection into HeLa and Jurkat cells and normalized to pRL-con. Results are

means + SEM of duplicates. (n=2)

1.3.5 Role of specific microRNAs in regulation of region U1-6 and U1-9

Computational analysis

In an attempt to identify microRNAs that target ULBP1 mRNA, we used computer algorithms
to search for microRNA binding sites in the ULBP1-3’UTR. The accuracy of programs to
predict microRNA binding sites in ULBP1-3’UTR is limited, because ULBP1 does not show
sequence conservation which is one of the criteria that most of these programs are based
upon. We used TargetScan V4.2 and 5.1 to predict candidate microRNAs and combined the
results with predictions obtained from three alternative computational methods (DIANA

microT v3.0, EIMMO v3 and Micro-Inspector v1.5). Since multiplicity of target sites is not
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necessarily required, but thought to be an important factor for efficient translational
inhibition, we included this criterion in our selection process.'®

Based on the strong suppressing effect on luciferase activity, we focused on region U1-6 in a
first round of candidate selection. From 7 and 11 microRNAs, predicted with TargetScan
V4.2 and V5.1 to target region Ul-6, we selected 6 microRNAs for further investigation
(Table 11). miR380-3p, miR-548c, miR-612 and miR-657 were predicted to target Ul-6 by
both algorithms, V4.2 and V5.1. Furthermore, we selected miR-140-5p, since this microRNA
is, according to V4.2, supposed to target U1-6, U1-9 as well as another region in the 3’UTR.
miR-409-3p was predicted to target U1-6 (V4.2) or U1-9 (V5.1). Since miR-1179, miR-1206,
miR-1279, miR-1283 and miR1285 were discovered only recently, we excluded these
particular miRs. Furthermore, we excluded miR-513-3p and miR-654-3p since they were

predicted by V5.2 to target the 3’UTR only at one site.

Table 11: First round of candidate microRNA selection. Targetscan V4.2 and V5.1 were used for prediction
of candidate microRNAs in fragment U1-6. Selected microRNAs are indicated in red. miR801h was identified as

a fragment of U11 splisosomal RNA and therefore removed from miRBase (www.mirbase.org)

prediction algorithm

Targetscan V4.2 Targetscan V5.1
no. of predicted no. of predicted selected for
mwona  Pedidedtopreddedto g, peddedio  predidedto i futner
full length 3'UTR full length 3'UTR examination
miR-140-5p X X 3 X
miR-380-3p X 1 X 1 X
miR-409-3p X 1 X 1 X
miR-513-3p X 1
miR-548c X 3 X 3 X
miR-612 X 3 X 3 X
miR-654-3p X 1
miR-657 X 2 X 2 X
miR-801h (X) (1)
miR-1179 X 1
miR-1206 X X 3]
miR-1279 X 3
miR-1283 X 2
miR -1285 X 3

In a second round of candidate selection, we chose 7 additional microRNAs (miR-338-3p,
miR-381, miR-433-3p, miR-496, miR-576, miR-632, miR-650) for further studies (Table 12).
All of these microRNAs were predicted to target region Ul-6 or U1-9 at least once. Except
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for miR-496 and miR-650, all candidate microRNAs were predicted with at least three
different algorithms to target the ULBP1-3’UTR. Furthermore, all candidate microRNAs,
except miR-650, were predicted to target the ULBP1-3’UTR at least at two independent
binding sites. The positions and numbers of potential microRNA binding sites for all selected

microRNAs are indicated in Figure 26.

Table 12: Second round of candidate microRNA selection. TS = Targetscan; E = Elmmo v3, M = Micro-

Inspector v1.5, D = Diana microT v3.0

predictedto predictedto total number of binding sites

icroRNA diction algorith
miero prediction algorithm target Ul-6  target U1-9 in the full length 3'UTR
miR-338-3p  TSV4.2, TSV5.1,E M, D X 3
miR-381 TSV4.2,E,D X 3
miR-433-3p TSV4.2, TS V5.1, X 3
miR-496 TS V4.2 X 2
miR-578 TSV4.2, TSV5.1, E, M, D X 5
miR-632 TSV4.2, TS V5.1, E, M, D X 5
miR-650 M X 1
ULBP1-3'UTR 1kb 2kb
! } i I
miR-650 |
miR-380-3p [
miR433-3p | |
miR-548¢ 0nie
miR-632 [ [ (] 010
miR-612 0 0l 0
miR409-3p (| |
miR-657 0 0 0 0
miR-140-5p | [] I 00
miR496 | |
miR381 0l 0
miR338-3p 1 0 Il
mirs57s ([l I I 0
u1-6 U1-9
Figure 26: Localization of potential microRNA binding sites in the ULBP1-3°’UTR.
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Expression of candidate microRNAs

A candidate microRNA responsible for reduced luciferase activity upon transfection with
reporter constructs would need to be expressed in Jurkat, HeLa and HFF. To assess the
microRNA expression level of candidate microRNAs, we performed qPCR using microRNA
specific Tagman primers. Starting with 0.44 ng RNA per PCR reaction, miR-16 level was
equally high expressed in all cell lines examined with an average cycle number (Cr) of
22.940.8 (range from 21.8%0.3 to 24.3+0.4 Cys)(Fig. 27). This observation is in accordance
with published data.”>*>* Therefore, miR-16 was used as housekeeping microRNA to

normalize qPCR results.
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Figure 27: Expression of miR-16 in HeLa Jurkat and HFF. Results are means = SEM of absolute cycle

numbers (Cr), measured in duplicates. (n=6-8)

Of the 13 candidate microRNAs, 6 microRNAs (miR-140-5p, miR-381, miR-409-3p, miR-
433-3p, miR-496, miR650) were expressed in HFF, miR-140-5p and miR-650 were expressed
in Jurkat cells and miR-140-5p, miR-409-3p, miR-433-3p and miR-650 were expressed in
HeLa cells (Fig. 28). All other microRNAs were either not detectable (Cr < 37) or only
weakly expressed below the threshold, which was defined as 22C¢T(MR-16 = miR-X) £ 512 Thege
data are in accordance with the literature, reporting a global decrease of microRNAs in many
tumors.'*?

Since many of the microRNA were undetectable in all three cell lines tested, we used
synthetic microRNA as a positive control for four TagMan microRNA assays (miR-16, miR-

140-5p, miR-496, and miR-632). Positive signals were detected with all four assays (data not

shown), therefore excluding technical problems in our measurements.
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Figure 28: Endogenous expression of candidate microRNAs in HeLa, Jurkat and HFF. Results are means +

SEM of duplicates (n=1-5).

Mutation of microRNA seed sequences

To determine, if the microRNAs expressed in HeLa and Jurkat are involved in targeting the
ULBP1-3’UTR, we generated two mutants (Fig. 18 and 29A) of fragment Ul-6 by
introducing base pair substitutions (Ul-6sub) or base pair deletions (Ul-6del) to
simultaneously disrupt the seed sequence of five microRNA binding sites (miR-140-5p/380-
3p/409-3p/433-3p/650). In comparison to the unmutated construct pRL-U1-6 (Fig. 29B),
luciferase activity was significantly higher in Jurkat cells (100 vs 118.7%+0.5% (p = 0.0157)
vs. 111.3%+3.6%) and slightly higher in HeLa cells (100% vs. 116.7%+12.0% vs.
114.9%+8.0%). These results suggest that at least some of the candidate microRNAs
expressed in HeLa and Jurkat cells may contribute to regulation of ULBP1 within the region

Ul-6 of 3’UTR.
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fragment U1-6
miR-650  miR-140-5p miR-380-3p 178 bp
miR-409-3p
miR-433-3p
Example:
miR-140-5p 3 GAUGGUAUCCCAUUUUGGUlGA SR
U1-6 51...GGGAUUACAGACAUGAACCACAG.... 3"
U1-6sub 5'.... GGGAUUACAGACAUGAACCTGAG.... 3"
U1-6del 5'... GGGAUUACAGACAUGA CAG.... 3"
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Figure 29: Effect of seed sequence mutations on luciferase activity. (A) Mutations of five seed sequences
were simultaneously introduced into the fragment U1-6. The seed sequences were mutated by substitution of two
bases (Ul-6sub) or deletion of four bases (Ul-6del). (B) Luciferase activity was measured upon transient
transfection of luciferase vectors, containing seed sequence mutations in fragment Ul1-6 (pRL-U1-6 2sub and
pRL-U1-6 4del, respectively), into HeLa and Jurkat cells. Luciferase activity was normalized to the activity of
the non-mutated pRL-U1-6 vector. Results are means = SEM of duplicates (n=2 for HeLa and Jurkat). * = p <
0.05.

Overexpression of microRNAs

To investigate whether overexpression of single microRNAs results in reduced surface
expression of ULBP1, we transiently transfected HeLa and Jurkat cells with 200 ng of pSuper
vectors, containing an expression cassette to generate artificial microRNA precursors. In
HeLa cells (Fig. 30A), expression of miR-140-5p, miR-409-3p and miR-650 was 98 to 726
fold higher in cells transfected with overexpression plasmid compared to empty pSuper
control vector. For miR-380-3p, miR-381 and miR-578, the miR levels were at least 2067 to
10027 fold increased. Overexpression of miR-140-5p and miR-650 in Jurkat cells (Fig. 30A)
resulted in a 36 and 282 fold increase of miR expression levels. For miR-380-3p, miR-381,
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miR-409-3p, miR-433-3p and miR-578, expression was at least 25 to 1083 fold increased.
Despite high expression of microRNAs in Jurkat cells, no effect on ULBPI1 cell surface

expression was observed (Fig. 30B).
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Figure 30: Overexpression of candidate microRNAs. (A) expression levels of candidate microRNAs upon
transient transfection of microRNA overexpression vectors (dark grey) or control vectors (light grey) into HeLa
and Jurkat cells. (n=1), n.d.= not done. (B) Effect of microRNA overexpression on the surface protein level of

ULBPI in Jurkat cells (n=1).

'8 we investigated whether

Since mRNAs can be targeted by multiple microRNAs
overexpression of the seven candidate microRNAs affects the surface expression of ULBPI.
50 ng of each overexpression vector were simultaneously transfected into Jurkat cells. The
increase of microRNA expression level (Fig. 31A) upon transfection ranged from 2.5-fold
(miR-381) to 252-fold (miR-650), and no upregulation was obtained for miR-578.
Overexpression of multiple microRNAs did not decrease the ULBP1 surface expression (Fig.

31B). Consistent with this observation, co-transfection of all miR-overexpression vectors with
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luciferase reporters did not change luciferase activity compared to co-transfection with pSuper
empty (Fig. 31C). Based on this results, we were unable to demonstrate a specific modulatory
role of the seven candidate microRNAs in the regulation of the regions U1-6 and U1-9 of the
ULBP1-3’UTR.
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Figure 31: Simultaneous overexpression of seven candidate microRNAs. (A) MicroRNA expression levels
were measured upon transient transfection of 350ng pSuper empty (light grey) or co-transfection of seven
microRNA overexpression vectors (7x50ng pSuper mix; dark grey) into HeLa cells. Results are means = SEM of
duplicates. (B) FACS analysis of ULBP1 surface expression in Jurkat cells transfected with pSuper empty (grey
shaded histogram) or pSuper mix (thick black line). Thin grey line: staining with isotype control Ab and
secondary antibodies. (C) Luciferase activity was measured upon co-transfection of 350ng pSuper empty vector
(light grey) or 7x50ng pSuper mix (dark grey) with luciferase reporter vectors. Luciferase activity was

normalized to the activity of pRL-con. Results are means + SEM of duplicates.

Downmodulation of miR-140-5p by antagomirs

The function of endogenous microRNAs can be transiently antagonized by chemically
modified oligonucleotides, complimentary to individual microRNAs.”> To answer the
question, if neutralizing of miR-140-5p, which is highly expressed in HeLa and Jurkat cells,
diminished the high reduction in luciferase activity, we co-transfected luciferase vectors
together with antimir-140-5p into HeLa and Jurkat cells (Fig. 32). No increase of luciferase
activity was observed in cells transfected with antimiR-140-5p. To show, that antagomirs are
transfectable into HeLa and Jurkat cells, control let-7a-antagomirs were co-transfected with a
let-7 luciferase construct*® into HeLa and Jurkat cells, resulting in efficient downregulation
of HeLa and Jurkat (data not shown). Therefore we conclude, that miR-140-5p is most likely

not involved in regulation of ULBP1 expression.

77



IV. RESULTS (PART 1) - Results

HelLa Jurkat

120+ 120-

& 100 & 100+

2 2

s o 2 ™

S 604 8 604

3 9

o 404 S 40

£ £

chln s Wy A"l 1 A i |
0 — 0 =

N \at » o L N < » o b

Qyoo \;0& \,’0\ \}0\ \;0\ Qyoo \;6\ \;0\ \?\ \:0\
T & & & ¢ T & & & ¢

[ no antimiR-140-5p WM with antimiR-140-5p

Figure 32: Silencing of endogenous miR-140-5p by antimiR-140-5p. Luciferase activity was measured in
HeLa and Jurkat cells upon co-transfection of reporter constructs with 100 nM of antimiR-140-5p (dark grey).
As control, tranfection of reporter construct was performed without antimiR (light grey). Results are means +

SEM of duplicates. (n=1-3).

Knockdown of Drosha

Since investigation of specific candidate microRNAs by functional assays did not identify
specific microRNAs, which are potentially involved in regulation of ULBP1, we used an
approach to knock-down Drosha, a crucial component of the microRNA biogenesis

pathway.”*®

HeLa cells were transduced with a lentiviral construct containing a shRNA
against Drosha (LV-shDrosha) or a control shRNA (LV-shControl), and the knockdown
efficiency of Drosha as well as the surface expression and mRNA levels of ULBP1 and
MICA/B was assessed seven days post transduction. According to the number of GFP" cells,
transduction efficiency was 93% and 86% for cells transduced with LV-shDrosha and LV-
shControl, respectively (data not shown). In cells transduced with LV-shDrosha, the Drosha
mRNA level was 2.7 fold reduced compared to LV-shControl. Disruption of the microRNA
machinery increased the level of MICA transcripts by 1.4 fold (Fig. 33A) and lead to an
upregulation of MICA/B surface protein expression (MFIR(LV-shControl) = 11.7 wvs.
MFIR(LV-shDrosha) = 17.1; Fig. 33B), which is in accordance with previous reports.”
However for ULBPI, no increase in surface expression was observed and the amount of
ULBP1 mRNA even decreased 1.7 fold upon knock-down of Drosha (Fig. 33. A and B).
Accordingly, when cells were transduced with LV-RL-U1-UTR, Drosha knock-down had no
effect on luciferase activity, which remained at a similarly low level of approximately 10% as

in cells transduced with LV-shControl (Fig. 33C).
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Figure 33: Downregulation of Drosha with short hairpin RNA in HeLa cells. (A) Measurement of Drosha,
ULBPI1 and MICA mRNA levels upon transduction with LV-shDrosha. The expression level of each mRNA
was normalized to the corresponding mRNA expression levels upon transduction with a control LV-shCon.
Results are means of duplicates (B) FACS analysis of ULBP1 and MICA/B surface expression on HeLa cell
upon transduction with LV-shControl (red) or LV-shDrosha (green). Staining with isotype control Ab and
secondary antibodies is indicated in blue (C) The luciferase activity was measured upon co-transduction of LV-
shControl (light grey) or LV-shDrosha (dark grey) and lentiviral luciferase reporter constructs (LV-RL-con and
LV-RL-U1-UTR). Transduction efficiency was monitored by measurement of GFP" cells by FACS. Luciferase
activity was normalized to the amount of GFP" cells and then normalizes to the luciferase activity of the control

vector (LV-RL-con). Results are means of duplicates.

As an alternative approach, we performed knock-down of Drosha by using a lentiviral vector

containing a DOX-inducible shDrosha cassette.”

The transduction efficiency in HeLa cells
was 88%, as indicated by the percentage of GFP" cells (Fig. 34A). Eight days post induction
of shDrosha by DOX treatment, the transcript level of Drosha was 2.9 fold reduced. In
accordance with the previous result, knock-down of Drosha lead to a 3.3 and 2.9 fold increase
of MICA and MICB mRNA, respectively, and induced MICA/B surface expression on

GFP"¢" cell 3-fold (Fig. 34 B and C). However, ULBP1 surface protein level was unaffected
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and ULBP1 transcript was 2.0 fold reduced (Fig. 34 B and C). The fact that the knock-down
of Drosha was sufficient to increase MIC molecules but not ULBP1 expression may indicate

that ULBPI is regulated by mechanisms other than microRNAs.
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Figure 34: DOX-induced downregulation of Drosha with short hairpin RNA in HeLa cells. (A) FACS
analysis of transduction efficiency by measurement of GFP" cells upon transduction with DOX-inducible LV-
shDrosha (B) Measurement of ULBP1 and MICA/B surface expression on HeLa cell upon transduction with
DOX-inducible LV-shDrosha. Transduced cells were culture for 8 days with (green) or without DOX (red).
Staining with isotype control Ab and secondary antibodies is indicated in blue. (C) Measurement of Drosha,
ULBP1, MICA and MICB mRNA levels upon transduction with DOX-inducible LV-shDrosha. Transduced cells
were culture for 8 days with DOX. mRNA levels were normalized to corresponding cells without DOX

treatment.
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Overexpression of ULBPI in HeLa and Jurkat

Since knockdown of Drosha did not result in upregulation of ULBP1 surface expression, we
wanted to exclude that intrinsic mechanisms in HeLa cells prevent the presentation of ULBP1
protein on the cell surface. Therefore, HeLa and Jurkat cells were transiently transfected with
the ULBPI overexpression vector RSV.SULBPI or the control vector RSV.5neo. Upon
transfection of HeLa cells with 200ng and 400 ng RSV5.ULBP1, respectively, 24% and 41%
of cells were expressing high levels of ULBP1 (Fig 35). Transfection of Jurkat cells with
RSV5.ULBP1 resulted in 5% and 9% of ULBPI positive cells, respectively. No expression
was observed in cells transfected with RSV.5neo (data not shown). Therefore we conclude

that HeLa and Jurkat cells are capable to express high levels of ULBP1 surface protein.

200 ng RSV.5ULBP1 3 400 ng RSV.5ULBP1
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Figure 35: Overexpression of ULBP1 in HeLa and Jurkat cells. Measurement of ULBP1 cell surface
expression upon transient transfection with 200ng or 400ng of RSV.5ULBP1
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1.4 Discussion

The activating NKG2D ligand ULBPI1, plays an important role in recognition of tumor-
transformed target cells by cytotoxic NK cells.”” The expression of ULBP1 must be tightly
regulated to ensure, that tumor cells are attacked and eliminated whereas healthy cells are
spared.’® The mechanisms responsible for the regulation of ULBPI expressions are poorly
understood. Based on studies with other molecules of the NKG2D-L family, these ligands can
be regulated not only by transcriptional, but also by post-transcriptional and post-translational
mechanisms.®* These mechanisms have been well documented in case of MIC ligands, were
both transcriptional upregulation as well as post-transcriptional mechanisms involving 3’UTR
and also protein shedding from the cell surface have been described.””’ Previous studies on
ULBPI showed the transcriptional upregulation involving regulation at the putative promoter

¥ Our own studies have shown, that post-translational regulation by shedding is not

region.
strongly pronounced in case of ULBP1."® Whether this ligand is a subject of post-
transcriptional regulation has not yet been investigated. Since ULBP1 carries a 2.4kb-long
3’UTR, containing 4 ARE motifs and more then 200 microRNA binding sites, our aim was to
investigate the involvement of post-transcriptional mechanisms in regulation of ULBP1

expression.

1.4.1 Involvement of 3’UTR in regulation of ULBP1

In order to investigate the role of ARE motifs and microRNA binding sites in regulation of
ULBP1 expression, we established a transient and a stable lentiviral reporter system based on
luciferase reporter constructs with and without the full-length ULBP1-3’UTR. Transfection or
transduction of the 3’UTR containing reporter constructs into four different human cancer cell
lines (HeLa, Jurkat, K562, Raji) and into primary human fibroblasts (HFF) resulted in a
highly pronounced and reproducible reduction of luciferase activity. Compared to cells
transfected with the control construct pRL-con, the luciferase activity was reduced to 7 — 38%
in cells transfected with the reporter construct containing the full-length ULBP1-3’UTR (Fig.
20). With these experiments we provided the first evidence, that the 3’'UTR of ULBPI1 is

functionally relevant and may therefore be involved in regulation of ULBP1 expression.
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Fragmentation of regulatory elements and investigation by luciferase assays is a well
accepted method, which is often applied in promoter studies and was also used to investigate
the 3°"UTR of candidate genes.””"**® In order to locate regions with high ULBPI regulatory
capability, we generated nine reporter vectors containing fragments of the ULBP1-3’UTR of
different sizes. Upon transfection of these contructs into HeLa and Jurkat cells, a strong
reduction in luciferase activity was observed for all 3’UTR fragments, ranging from 19 — 61%
(Fig. 23). This finding suggests, that the elements which are responsible for regulation of
ULBPI, are distributed over the entire 3’UTR. Interestingly, the luciferase activity of the
single fragments was never as low as observed with the full-length constructs suggesting, that
multiple regulatory elements in different parts of the 3°’UTR contribute to the regulation of
ULBPI.

The reporter constructs which are being used in luciferase assays often cover a wide
range of sizes. Investigations of the influence of the size of luciferase vectors on the luciferase
activity upon transient transfection showed, that the luciferase activity inversely correlates
with the construct size.> In our study the difference in size between the control vector pRL-
con (6.3kb) and the full size vector pRL-U1-UTR (8.7kb) is 2.4 kb and one could argue that
the strongly reduced luciferase activity upon transient transfection of the construct containing
the full-length 3’UTR might be caused by this difference in size. However, the diminished
luciferase activity was not only observed in the transient reporter system, but a similar
reduction was also observed in the lentiviral reporter system. Furthermore, a low luciferase
activity was also found for smaller constructs carrying fragments of the 3’UTR. Therefore,
reduction in the luciferase activity upon transient transfections cannot be solely attributed to a
diminished transfection rate of pRL-U1-UTR due to its enlarged size compared to the pRL-
con vector, although we cannot rule out that the size of the constructs may have influenced the
luciferase activity to a certain degree also in our experiments.

The reduction in luciferase activity which we observed upon transfection or
transduction of constructs containing the full-length ULBP1-3’UTR or its fragments might be
a consequence of mRNA degradation or translational repression. Degradation of mRNA can
be caused by ARE- and microRNA-mediated regulation. Translational repression by storage
of mRNAs in special cellular compartments, the P-bodies, has been linked to microRNA-
mediated regulation.'™ In order to investigate which mechanism may regulate ULBPI
expression, we measured the mRNA levels of reporter constructs containing the full-length
ULBPI1-3’UTR or the 3’UTR fragments by qPCR and correlated the mRNA levels with the

corresponding luciferase activity in transfected cells. In Jurkat cells, the mRNA levels of
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reporter transcripts ranged from 31 — 110% compared to the mRNA level upon transfection
with the control vector, whereas the corresponding luciferase activity ranged from 7 — 40%
(Fig. 24). The observation that the mRNA levels were decreased more moderately then the
luciferase activity might indicate that translational repression causes the reduction in
luciferase activity in Jurkat cells. In contrast, in HeLa cells, the mRNA levels of reporter
transcripts were decreased dramatically, ranging from 6 — 22% (Fig. 24), which suggests that
the reduced luciferase activity is a consequence of mRNA degradation. These results imply,
that different regulatory mechanisms might regulate the expression of ULBP1 in HeLa and in
Jurkat cells.

Our findings that multiple regulatory elements in various parts of the 3’UTR may
contribute to regulation of ULBP1 expression and that the regulatory mechanism my differ
depending on the cell- or tissue-type, suggest a complexity in the process of post-
transcriptional control of ULBP 1 expression. Below, we discuss our data on the involvement

of ARE motifs and microRNA-dependent regulation at ULBP1-3’UTR.

1.4.2 Role of ARE in regulation of ULBP1 gene expression.

Analysis of the ULBP1-3’UTR has revealed, that the 3’UTR harbours four ARE motifs in two
regions, U1-5 and U1-9. In order to investigate the role of ARE sites in regulation of ULBP1
gene expression, we mutated the AUUUA motifs by substitution of one or three bases, and
performed luciferase reporter assays. Upon transfection of constructs harbouring the mutated
fragments, the low luciferase activity seen with unmutated vectors, was not increased (Fig
21). This indicates that the pronounced reduction of luciferase activity upon transfection of
pRL-U1-UTR or the unmutated pRL-U1-5 and pRL-U1-9 constructs (Fig. 23) is not caused
by ARE-mediated degradation of reporter transcripts. Since mutating of ARE motifs did not
enhance luciferase activity in both HeLa and Jurkat cells, the differential effect of ARE in
these two cell types in unlikely. Therefore we conclude, that ARE elements are not involved
in negative regulation of ULBP1 expression.

Interestingly, the luciferase activity was even further reduced upon transfection with
mutated reporter constructs, ranging from 61-88% compared to unmutated fragments. This
observation suggests, that ARE sites in the ULBPI1-3’UTR might serve as stabilizing
elements. Indeed, ARE sites do not only have mRNA destabilizing properties. The function of
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ARE elements is highly dependent on the sequence composition around the ARE motifs and
on the type of trans-acting ARE-binding proteins which attach to the ARE site.”** Binding of
the ARE-binding protein HuR and other proteins to ARE results in stabilization of some

170,242

transcripts. The question, whether also ULBP1 mRNA is stabilized by these proteins

% or siRNA*®! against HuR or other proteins.

could be anwered using specific inhibitors®
Changes in half-life of transcripts upon inhibitions of ARE-binding proteins could be
examined by treatment of cells with the transcriptional inhibitors Actinomycin D (ActD) or
5,6-dichloro-1-B-D-ribofuranosyl-benzimidazole (DRB) and subsequent measurement of
mRNA levels by gPCR at several time points.>**%°!

Another explanation for the reduced luciferase activity upon mutation of ARE sites
might be, that the mutation of U1-5 and U1-9 by base pair substitution leads to unintentional
generation of new microRNA binding sites. Computational analysis of the unmutated and
mutated Ul-5 fragments revealed, that the substitution of one nucleotide (ATTTA to
ATGTA) in the three ARE motifs of U1-5 indeed generated a second microRNA binding site
for miR-496 (analysis was kindly done by N. Shomron, Tel Aviv, Israel). However, using
microRNA qPCR, we were unable to detect miR-496 expression in Hela and Jurkat cells and
hence it is unlikely, that the additional binding site for miR-496 contributed to the reduction
of luciferase activity in cells transfected with the mutated construct pRL-U1-5-AREmutl.
However, we cannot exclude that certain de novo microRNA binding sites for other

microRNAs were generated by mutation of UI-5 and U1-9 and may have an impact on the

luciferase activity.

1.4.3 Role of microRNAs in regulation of ULBP1 expression

Computational algorithms have predicted that more than 200 putative microRNA binding
sites are located in the 3’UTR of ULBPI. In order to investigate the functional role of
microRNAs in regulation of ULBP1, we selected 13 candidate microRNAs which were
predicted to target the region Ul-6 and/or U1-9 at least once. Studies in which the role of
microRNAs in regulation of particular genes has been documented rely on approaches, which
involve the analysis of the seed sequence'®*, overexpression or silencing of microRNAs*"*%,

as well as analysis of the involvement of enzymes involved in miR biogenesis, such as

Drosha.” These approaches were applied in our work.
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In order to examine the expression level of the 13 candidate microRNA, we performed
the microRNA qPCR and normalized the microRNA expression levels to the housekeeping
miR-16. This analysis revealed, that 6 out of 13 candidate microRNAs were indeed expressed
in HFF, 4 microRNAs were expressed in HeLa and only 2 microRNAs were expressed in
Jurkat cells (Fig. 28). The low number of expressed microRNAs in the cancer cell lines HeLa
and Jurkat may reflect the observation, that the microRNA expression is globally decreased in

193
many tumors.

Among the three types of cells used here, the 6 microRNAs (miR-140-5p,
miR-381, miR-409-3p, miR-433-3p, miR-496, miR-650) were expressed in an overlapping
manner. These data indicate, that only 6 of the 13 candidate microRNAs which are expressed
in HeLa, Jurkat or HFF can be responsible for the pronounced reduction of luciferase activity
upon transfection with the full-length ULBP1-3’UTR reporter. It remains open, whether the
remaining 7 candidate microRNAs which were not expressed in HFF, HeLa and Jurkat, might
be involved in regulation of ULBP1 in other cell types.

In order to investigate, if miR-140-5p, miR-409-3p, miR433-3p and miR-650 are
involved in regulation of ULBP1 expression, we simultaniously mutated the seed sequences
of these candidate microRNAs in fragment U1-6 by base pair substitutions or deletions. Upon
transfection of luciferase constructs containing the mutated seed sequences into HeLa and
Jurkat cells, the luciferase activity was increased to 110-119% compared to unmutated
construct (Fig. 29). Even though the effect was small, it was reproducibly seen in every
experiment suggesting, that these endogenously expressed microRNAs might at least partially
contribute to the regulation of ULBP1 expression.

Based on these data, we continued the studies by an alternative approach of
overexpression of selected candidate microRNAs and investigated, whether such
overexpression can reduce the surface expression of ULBPI. Even though the microRNA
expression levels were up to 10000 fold increased compared to the endogenous microRNA
levels, this overexpression did not decrease the ULBP1 surface expression in ULBP1" Jurkat
cells. There was no effect on the expression of ULBP1 and no decrease in luciferase activity,
irrespective whether overexpression was carried out for single candidate microRNAs or for
their combinations. These data imply, that the candidate microRNAs we have overexpressed
are not involved in regulation of ULBP1 expression.

However, we cannot exclude a possibility that overexpression of microRNAs was not
strong enough. In our hands, simultaneous transfection of multiple microRNA overexpression
vectors resulted in a more moderate upregulation of microRNAs (2 — 250 fold), compared to

transfection of single overexpression vectors (24 — 10000 fold) (Fig. 30 and 31). Mandelboim
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and colleagues have reported, that overexpression of microRNAs in their hands had only an
effect on the surface expression of the target protein when the transduction efficiency of their
lentiviral constructs and in consequence the expression level of candidate microRNAs was
high.95 Furthermore, we can not exclude, that the lack of an effect on ULBP1 surface
expression upon overexpression of candidate microRNAs might be due to an alteration of the
ULBPI1-3’UTR in Jurkat cells. A recent study has shown that proliferating cells express
transcripts with shortened 3°UTRs due to alternative cleavage and polyadenylation, and that
these alterations result in fewer microRNA target sites.? Interestingly, a sequence analysis of
the ULBP1-3’UTR by W. Lutz (German Primate Center, Primate Genetics Laboratory,
Gottingen, Germany) revealed, that the 3’UTR contains multiple canonical and alternative
poly(A) sites (personal communication). Investigation of the ULBP1-3’UTR by Northern
Blot, 3’ RACE-PCR or sequencing could answer the question, if the 3’UTR is shortened in
Jurkat, as well as in other cell types or tissues.

Another approach to investigate involvement of microRNAs in gene regulation is the
silencing of endogenous microRNAs by antisense microRNAs. In order to investigate if miR-
140-5p, which is highly expressed in both HeLa and Jurkat cells, contributes to the regulation
of ULBPI, we co-transfected the reporter constructs and antimiR-140-5p into HelLa and
Jurkat cells. Measurement of luciferase activity revealed, that silencing of endogenous mir-
140-5p had none or only a moderate effect on luciferase activity (Fig 32). Therefore we
suggest, that miR-140-5p is not involved in regulation of ULBP1 expression. Silencing of
other microRNA including miR-381, miR409-3p, miR-433-3p, miR-496 and miR-650, all
which are expressed in HeLa, Jurkat and/or HFF, might allow to exclude the involvement of
these microRNAs in regulation of ULBP1 expression, but we did not perform these analyses
due to technical restrictions.

In summary, we can conclude that the functional assays we have performed did not
answer the question whether the seven investigated candidate microRNAs (miR-140-5p, miR-
380-3p, miR-381, miR-409-3p, miR-433-3p, miR-578 and miR-650) are involved in
regulation of ULBP1. However, further investigations of these candidate microRNAs by
experiments suggested above, could help to clarify the role of these candidate microRNAs in

regulation of ULBP1.
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1.4.4 Role of the microRNA biogenesis pathway involving Drosha

Although we were not able to identify the involvement of specific microRNAs, we have to
emphasize that none of the results we have obtained by luciferase assays and functional
assays disproved the possibility that microRNAs are involved in regulation of ULBPI1. In
order to collect further arguments to support this hypothesis we investigated, whether
disruption of the microRNA biogenesis pathway would affect the mRNA levels and the
surface expression of ULBP1. Downregulation of Drosha by shRNA, using two different
lentiviral systems, resulted in increased mRNA levels and surface expression of MIC
molecules, which served as a positive control. However no upregulation of mRNA or surface
protein was observed for ULBP1 (Fig. 33 + 34). Instead, the mRNA level of ULBP1 mRNA
was even decreased upon knockdown of Drosha. Furthermore, the luciferase activity did not
increase upon co-expression of Drosha-shRNA and luciferase reporter constructs. Therefore
also this approach did not help to proof, that microRNAs are involved in regulation of
ULBPI.

Multiple studies have shown that knock-down of Drosha results in a decline of pre-
microRNAs and mature microRNAs.”**?% Although we have not examined the microRNA
levels in HeLa cells upon knock-down of Drosha we assume, that the level of microRNAs
was reduced. This assumption is supported by the facts, that the Drosha mRNA level was ~3
fold diminished in cells transduced with shDrosha constructs. Furthermore, the expression of
MIC transcript, a validated microRNA target’’, was increased. Therefore we speculate, that
the decrease of cellular microRNAs was sufficient enough to affect regulation of MIC
molecules but might not be sufficient enough to upregulate ULBP1 expression. The
observation that the effect of Drosha knock-down on ULBP1 and MIC transcripts was
divergent might indicate, that these NKG2D-L are regulated by different mechanisms. One
possible explanations for the decline of ULBP1 mRNA level upon knockdown of Drosha
could be, that the putative low microRNA level in Drosha-deficient HeLa cells might have
caused increased expression of microRNA-regulated RNA-destabilizing proteins, and in
consequence degradation of ULBP1 mRNA.

Taken together these data indicate that further experiments are needed to clarify if
microRNAs are involved in regulation of ULBP1 expression. An alternative approach to the
knock-down of Drosha might be knock-down of Dicer by shRNA, another crucial enzyme in
the microRNA biogenesis pathway. In HEK293 cells, knock-down of Dicer leads to an

increase of mRNA transcripts, containing 3’UTRs with putative microRNA binding sites.**

88



IV. RESULTS (PART 1) - Discussion

Knock-down of Dicer might lead to a more efficient reduction of microRNA levels and
therefore might increase ULBP1 mRNA levels.

Another possibility to investigate whether ULBP1 is regulated by microRNA might be
co-immunoprecipitaion of Argonaute (Ago) proteins and Ago-associated mRNAs. Ago is part
of the miRISC complex and guides microRNAs to the 3’UTR of the target mRNA. By using
this approach, G. Meister and colleagues were able to isolate Ago-associated mRNAs and
experimentally validated six mRNAs as microRNA targets®®’. In order to investigate whether
ULBP1-3’UTR-containing luciferase reporter transcript are associated with Ago2, we co-
transfected in a preliminary experiment an Ago2-overexpressing plasmid and ULBP1-3’UTR
luciferase reporter constructs into Jurkat cells and performed co-immunoprecipitation of
Ago2, followed by RNA isolation of co-precipitated transcripts. Ago2-associated luciferase
reporter mRNA was measured by qPCR, using luciferase-specific primers. However, the
results gained from this experiment were not conclusive. A refinement of experimental set-up
might lead to definite results in order to clarify, if microRNAs are involved in regulation of

ULBPI1 expression.

1.4.5 Computational prediction and selection of candidate microRNAs

Our attempts to identify functional relevant microRNAs in regulation of ULBP1 expression
have failed. This however does not exclude, that microRNAs are involved in regulation of
ULBPI. Beside the already discussed drawbacks in our functional assays, a major drawback
for our failure might be the computational analysis and the strategy which was used to select
for candidate microRNAs, involved in regulation of ULBP1 expression. Computational
prediction by using several algorithms has revealed, that the ULBP1-3’UTR contains more
then 200 microRNA binding sites. The selection of 13 candidate microRNA, all which were
predicted to target region Ul-6 and/or Ul-9 in the ULBP1-3’UTR, were fully based on
predictions resulting from Targetscan and other algorithms.

Although computer algorithms are widely used to predict candidate microRNAs and
are a well accepted method to unravel the role of microRNAs in biological processes and

184268 major challenge in

diseases, the prediction quality of current algorithms is poor.
developing algorithms is the fact, that most of mammalian microRNAs recognize their mRNA

targets via partial complementarity and therefore simple homology-based searches can not be
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applied to uncover microRNA targets.'™® Therefore the algorithms are mainly based on
informations, gained through systematic target-site mutation experiments and extensive

.. - . 269271
bioinformatical analysis.

Based on these approaches, the main prediction parameters
used in most of the current algorithms are stringent or moderately stringent pairing of the
microRNA ,seed’ sequence to a complementary site in the target mRNA, and evolutionary
conservation of potential microRNA binding sites in the 3’UTRs among different species.
Additional parameters for prediction include good structural accessibility, nucleotide
composition, and thermodynamic stability as well as location, number and proximity of the
microRNA binding sites along a target mRNA.' 2%

To assess the quality of current prediction algorithms, Alexiou and colleagues
compared the results from 9 prediction algorithms against experimental results gained from a
high-throughput approach.*® Investigation of 5 microRNAs revealed, that five of nine
programs (Diana-microT 3.0, Targetscan 5.0, TargetscanS, Picta, and EIMMo) had a
precision of ~50% (50% of the computational results were correct when compared with
experimental results; 50% false positive results). The sensitivity of these programs ranged
from 6-12% (only ~10% of experimentally validated targets were correctly predicted by
computational analysis; 90% false negative results). All these programs heavily rely on the
evolutionary conservation of the seed region. The precision of the remaining four algorithms
was even weaker. The authors conclude that even the most sensitive programs fail to identify
large parts of target genes. Since the ULBP1-3’UTR is not conserved among species we can
assume, that the prediction results we have gained by using different algorithms are not of a
good quality, due to a high rate of false negative (experimentally supported microRNA-target
gene interaction that are not predicted by the algorithm) and false positive (mistakenly
predicted; microRNA :target-interaction experimentally disproven) predictions.

Recently developed technologies will help to revise and improve the currently existing
algorithms. Beside direct validation of microRNA:target-interactions such as luciferase
reporter assays or seed sequence mutations, high throughput methods for indirect validation
play an important role in this process. Overexpression or silencing of microRNAs and
subsequent monitoring through gene expression arrays can help to identify microRNA targets,
where binding of microRNAs results in changes of mRNA level. Recently developed high-
throughput proteomic techniques allow to identify also microRNA targets, which are
translationally repressed by microRNAs and where the mRNA level is not affected.”’**”* Two
other recently developed methods to identify microRNA targets are the already mentioned

267,275

immunoprecipitation of RISC components and crosslinking immunoprecipitation
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(HITS-CLIP), followed by high-throughput sequencing of RNAs.””® However a common
problem of all these methods are secondary and nonspecific effects.?*®

Not only the quality of prediction algorithms might be responsible for the fact that we
failed to identify functional relevant microRNAs, but also the strategy we have chosen to
select 13 candidate microRNAs. Computational prediction revealed that more then 200
microRNA might target the ULBP1-3’UTR. Examination of all predicted candidate
microRNAs would have required high-thoughput approaches like microRNA microarrays.
Instead, our strategy was to narrow down the number of predicted microRNA binding sites by
generation of luciferase constructs containing fragments of the 3’UTR in order to uncover
regions in the ULBP1-3’UTR with high regulatory capacity. Fragmentation of regulatory
elements is a commonly used approach to investigate promoters and was also reported for

200,258 .
% Based on the results of luciferase

investigation of the 3’UTR of candidate genes.
reporter assays, region Ul-6 and Ul-9 were considered as regions with high regulatory
potential. Therefore, we concentrated our studies only on Ul-6 and U1-9 although we know,
that regulatory elements are most likely located also in other parts of the ULBP1-3’UTR. This
fact implies, that we have disregarded many microRNAs which might play a role in regulation
of ULBPI.

Furthermore, we did not examine all predicted candidate microRNAs in region U1-6
and U1-9, but perfomed functional assays only with a selection of candidate microRNAs. The
selection process was performed at two different time points. The coincidence, that the
Targescan algorithm was revised during the course of our study forced us to use two different
versions of the Targetscan (V4.2 and V5.2). When comparing the output of V4.2 and V5.1,
the results differed significantly (see also Table 11). Whereas 7 microRNAs were predicted
with V4.2 to target U1-6, the number of microRNAs in the revised algorithm V5.1 increased
to 11. However, prediction results of only 4 microRNAs (miR-380-3p, miR-548¢c, miR-612,
miR-657) were overlapping. Furthermore, one microRNA was predicted only with V4.2 and
seven microRNAs only with V5.1. One microRNA was predicted with V4.2 to target the Ul-
6, while V5.1 assigned this microRNA to target U1-9. One microRNA predicted with V4.2
was afterwards removed from the microRNA registry, since this alleged microRNA was
identified as a fragment of U1l splisosomal RNA. These differences in prediction by using
two versions of Targetscan illustrate, that the development of prediction algorithms is an
active and ongoing field of research and that the results, obtained from such algorithms can

only be used with caution.
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In the second round of selection, we combined and compared the results, which we
obtained by using Targetscan V4.2 and V5.1, Elmmo3, microlnspector V1.5 and DIANA
microT V3.0 in order to increase the chance to select physiologically relevant candidate
microRNAs. Based on this strategy, 7 additional candidates were selected. However a
recently published study revealed, that one accurate algorithm might be better then the
combination of predictions performed with several algorithms.?*® Therefore it is questionable,
if we would really increase the accuracy of our prediction by combining multiple algorithms.

In our study, the expression of candidate microRNAs by qPCR was measured only
after the selection process has been performed, as based on the one hand on computational
analysis and on the other hand on the choice of putative 3’UTR fragments with regulatory
function. Of thirteen candidate microRNAs, only 2 and 4 microRNAs turned out to be
expressed in Jurkat and HeLa cells, respectively. Since only microRNAs, which are
endogenously expressed in HeLa and Jurkat can cause the prominent reduction of luciferase
activity, which was observed upon transfection with all luciferase reporter constructs
containing parts of the ULBP1-3’UTR, we have finally analysed only 2 and 4 microRNAs,
which might be relevant in regulation of ULBP1 expression in Jurkat and HeLa cells,
respectively. The fact that the other candidate microRNAs are not expressed in HeLa and
Jurkat does not exclude the possibility, that these microRNAs regulate ULBP1 expression in
other cell types. Expression analysis in HFF has revealed, that these cells express 6 out of 13
candidate microRNAs. Furthermore, microRNA array experiments have shown, that the
microRNA signature differs considerably among different cell lines and cell types.'****

In a retrospective view, we might have increased the chance to discover functional
relevant microRNAs by selection of candidate microRNAs based on microRNA microarray
approaches. In a first step, examination of the microRNA expression pattern in HeLa, Jurkat
and HFF would allow to exclude in advance these microRNAs from functional studies, which
are not expressed in all three cell lines. In a second step, comparison of microRNA expression
patterns would allow to select candidate microRNAs, which are expressed in all three cell
lines. However one has to keep in mind, that not nessecarily the same microRNAs might be
involved in regulation of ULBP1 in the different cell lines, and candidate microRNAs might
be disregarded by focusing only on microRNA which are commonly expressed by all three
cell lines. In a third step, the selection of candidate microRNAs could be further restricted by

comparing the results obtained from microarrays and computational prediction algorithms.
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1.4.6 Conclusions

In this thesis, we provide the first evidence that the 3’UTR of ULBPI is involved in
regulation of ULBP1 gene expression. Furthermore we were able to exclude that the four
ARE motifs, which are located in the ULBP1-3’UTR, possess destabilizing function.
Unfortunately, our attempts to discover specific microRNAs, which might contribute to
regulation of ULBP1 gene expression, failed. However, according to the performed
experiments we can not exclude, that microRNAs are involved in regulation of ULBP1
expression. Refinement of candidate microRNA selection and experimental approaches may
help to elucidate the role of microRNAs in ULBP1 regulation.

Identification of microRNAs, which are functionally relevant in regulation of ULBP1
expression might allow to develop approaches to increase the susceptibility of cancer cells by
microRNA-mediated upregulation of NKG2D-L. In a recent study, Mandelboim and
colleagues could show, that transfection of antisense oligonucleotides against endogenous
microRNAs into HFF lead to an induction of MICA and MICB protein expression and in
consequence to enhanced killing of HFF by NK cells.”” Experiments in mice and monkeys
proved that it is possible to administer antisense oligonucleotides and specifically target
endogenous microRNAs in vivo.”2*** Although specific targeting of microRNAs is currently
investigated only in preclinical studies, the development of new types of therapies to target

. . . 2
microRNAs is an active field of research.?’’
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V. RESULTS (PART 2)

1. Upregulation of NKG2D-L on human fibroblasts upon
treatment with stress inducing reagents and histone deacetylase

(HDAC) inhibitors

1.1 Results

Studies of Gasser and colleagues have revealed, that NKG2D-L expression can be induced on
murine and human primary cell through treatment of these cells with reagents causing
genotoxic stress and stalled DNA replication.”” Based on these results, we treated HFF with
ionizing irradiation (IR), 5-fluorouracil (5-FU) or aphidicolin (Table 13), conditions which
have been reported to induce surface expression of ULBP1 on this cell type. ULBP1 and
MICA/B surface expression was measured one day post treatment. Among these treatments,
increased expression of ULBP1 was only observed for IR (MFIR(untreated) = 1.9+0.3 vs.
MFIR(IR) = 3.3; Fig. 36). Also MICA/B was slightly upregulated upon IR treatment.
Treatment with 5-FU and aphidicolin did not modulate the surface expression of neither
ULBP1 nor MICA/B.

Since we have previously shown, that histone deacetylase inhibitors (HDACi) increase
NKG2D-L levels and susceptibility of AML blasts to NK cell lysis (Diermayr et al. Blood
2008), HFF were also treated with valproic acid (VA) and trichostatin A (TSA) (Table 13).
Valproic acid (VA) slightly increased the surface expression of ULBP1 (1.9+0.3 vs. 2.8) and
MICA/B (1.4+0.2 vs. 2.8; Fig. 36). For treatment of HFF with TSA, a strong and reproducible
induction of ULBP1 (1.9£0.3 vs. 4.1+0.8; p = 0.0341) and MICA/B (1.440.2 vs. 13.243.3; p
= 0.0081) were observed. Therefore we conclude, that the HDACi TSA is the most potent
treatment among the reagents that we tested to modulate NKG2D-L surface expression on

HFF.
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Table 13: Reagent for treatment of HFF

Reagent Mode of action Concentration

lonizing irradiation (IR) DNA damage 40 Gy

5-Fluorouracil (5-FU) inhibition of DNA replication through 10uM
incorporation into DNA and RNA

Aphidicolin inhibition of DNA polymerase 4uM

Valproicacid (VA) inhibition of histone deacetylase 1mM

Trichistatin A (TSA) inhibition of histone deacetylase 160 ng/ml
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Figure 36: Upregulation of ULBP1 and MICA/B upon treatment in HFF with DNA damaging reagents
and HDACi. ULBP1 and MICA/B surface expression one day after treatment with ionizing irradiation (IR), 5-
fluorouracil (5-FU), aphidicolin, valproic acid (VA) and trichostatin A (TSA). Results are means + SEM (n=1-
4). *=p<0.05; ** =p<0.01.

To closer investigate the effect of TSA on the ULBP1 and MICA/B expression, we measured
mRNA level in TSA treated HFF by qPCR. As already mentioned, surface expression of
ULBPI1 and MICA/B was highly induced upon TSA treatment (ULBP1: 2.1 fold; MICA/B:
7.2 fold; Fig. 37 A). Measurement of mRNA levels by qPCR revealed a 4 fold increase of
ULBPI transcript and a 7.2 fold increase of MICA transcript (Fig. 37 B). The stronger
upregulation of ULBP1 transcript compared to protein might indicate that post-transcriptional
mechanisms are involved in TSA-induced upregulation of ULBPI.

To investigate whether the upregulation of ULBP1 surface protein is mediated by the ULBP1-
3’UTR, we examined the influence of TSA treatment on lentiviral luciferase reporter

constructs. In HFF transduced with LV-RL-con, luciferase activity was 1.5 fold induced upon
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treatment with TSA (Fig. 37C) suggesting that TSA influences the transcription by acting on
the lentiviral hPGK promoter (Fig. 20B) though epigenetic changes. In HFF tranduced with
LV-RL-U1-UTR, the luciferase activity was nearly restored upon treatment with TSA (4 fold
induction compared to untreated cells; Fig. 37C), suggesting, that the ULBP1-3’UTR
contributes to the observed upregulation of ULBPI1. Therefore, not only transcriptional but

also post-transcriptional events might participate in TSA-mediated induction of ULBP1.
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Figure 37: Effects of TSA treatment on ULBP1 regulation. (A) Measurement of ULBP1 and MICA/B surface
expression on HFF one day after TSA treatment (dark grey) or without treatment (light grey) Isotype staining is
indicated with black lined histogram. (B) Measurement of ULBP1 and MICA mRNA levels one day after TSA
treatment (dark grey). Results are normalized to untreated counterparts (light grey). (C) The luciferase activity
was measured upon transduction of LV-RL-con or LV-RL-U1-UTR into HFF, and subsequent treatment with

TSA for one day. Luciferase activity was normalized against untreated cell, transduced with LV-RL-con.
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1.2 Discussion

Investigation of leukemic blasts from patients with AML and of hematopoietic cancer cell
lines have revealed, that many of these cells do not express NKG2D-L and therefore evade

recognition and elimination by NK cells.>1%¢

In order to make hematopoietic malignant cells
vulnerable for NK cell attack, our aim was to find stimuli to upregulate these ligands on the
cell surface, and to investigate the underlying regulation mechanisms. Previous studies have
shown that NKG2D-L expression can be upregulated by stress-causing stimuli, e.g. oxidative
stress, heat shock and irradiation, as well as by reagents causing DNA damage.”’ Therefore,
we treated hematopoietic cell lines and primary bone marrow-derived CD34" stem cells with
various chemotherapeutic reagents which are known to cause DNA damage or stalled DNA
replication (e.g. 5-FU, methotrexate, endoxane, cytosar, adriblastin, aphidicolin) or with other
conditions triggering cellular stress (e.g. heat shock, amino acid starvation, IR, oxidative
stress). However, in our hand, none of these treatments lead to a distinct and reproducible
induction of NKG2D-L surface expression on hematopoietic cancer cell lines and bone
marrow CD34" stem cells (data not shown).

Also our attempts to reproduce published results failed. Previous studies have shown
that treatment of murine or human fibroblasts with IR, 5-FU or aphidicolin, all stimuli which
cause genotoxic stress, resulted in upregulation of ligands as consequence of activation of
ATM, ATR and Chk2 kinases in the DNA damage response (DDR) pathway.”’ In contrast to
the published results, treatment of the same type of HFF with 5-FU or aphidicolin did not or
only marginally induced ULBP1 and MICA/B expression (Fig. 36) in our hands. A slight
induction of ULBP1 on fibroblasts was only observed upon treatment of HFF with IR
(MFIR (untreated) = 1.9+0.3 vs. MFIR(IR) = 3.3). It is difficult to explain these discrepancies
to published data but to our knowledge, other groups also faced difficulties with
reproducibility of these data (personal communications).

Our observation from experiments with malignant hematopoietic cells suggest, that the
upregulation of NKG2D-L as a consequence of activation of the DDR pathway is most likely
restricted to non-pathogenic cells or cells in early stages of tumor transformation. Inactivation
of the DDR in later stages of carcinogenesis as consequence of genetic instability and
accelerated tumor formation might be the reason, why malignant hematopoietic cells are not
able to upregulate NKG2D-L upon genotoxic stress. Indeed, a study has shown that the DDR

is highly activated in early urinary bladder tumor, whereas the activation is clearly reduced in
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more advanced stages of tumorigenesis.””® Furthermore, they showed that the activation of the
ATM/ATR-Chk1/2-p53 cascade was frequently seen in absence of p53 mutations, suggesting
that the latter event occurs later in tumorigenesis.

The observation that primary HFF in our hands did not respond to treatment with
DNA damaging reagents might be explained by the fact, that long-term culturing of cells is
per se a stress factor. Cultured cells might adapt to this stress factor and in consequence may
inactivate the DDR pathway. Therefore, the induction of NKG2D-L in primary cells might be
only successful, if these cells are only short-term cultured and if they did not undergo freezing
and thawing (personal communications).

One explanation for the fact, that NKG2D-L are in general very difficult to induce
may be, that NKG2D-L need to be tightly regulated and that special protection mechanisms
exist in order to prevent unintended upregulation of ligands on healthy cells. Hematopoietic
cells might require an even stronger protection than other cell types, since they are constantly
exposed to metabolites, drugs, hormones and other substances in the peripheral blood or
hypoxic conditions in the bone marrow. Therefore, these cells might have alternative stress
sensors which ensure, that NKG2D-L are specifically upregulated only by highly threatening

conditions.

In our earlier study we could show, that treatment of AML blasts with the HDACi valproic
acid (VA) induced NKG2D-L expression and in consequence augmented recognition and
killing of blasts by NK cells. In order to examine, if HDACi can also trigger NKG2D-L
surface expression on HFF, we treated these cells with TSA and VA. TSA treatment resulted
in a significant and reproducible upregulation of ULBP1 (MFIR(untreated) = 1.94+0.3 vs.
MFIR(TSA) = 4.1+0.8) and MICA/B (1.4+0.2 vs. 13.2£3.3) (Fig 36). In contrast, treatment
with VA affected the surface expression of the ligands only slightly. Examination of mRNA
levels revealed a 4 fold and 7.2 fold increase of ULBP1 and MICA transcripts upon TSA
treatment, respectively (Fig. 37). The stronger upregulation of ULBP1 transcripts compared to
protein surface expression (4 fold vs. 2.1 fold) might indicate that post-transcriptional
mechanisms are involved in TSA-induced upregulation of ULBP1. Indeed, TSA treatment of
HFF transduced with the full-length luciferase vector resulted in a 4 fold induction of
luciferase activity (Fig 37), which further argues for post-transcriptional regulation of ULBPI.

The molecular mechanisms of TSA-mediated upregulation of ULBP1 have not been

elucidated so far. Recent studies revealed that treatment of cancer cells with HDACIi
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modulates the expression of microRNAs.>”?* In order to examine, if these post-
transcriptional regulators contribute to regulation of ULBPI in response to HDACi, changes
in microRNA levels upon treatment of HFF with TSA could be investigated by microRNA
microarray or microRNA qPCR. Subsequent functional analysis of affected microRNAs
might help to identify microRNAs which regulate ULBP1 expression.

Furthermore, this model could also be used to investigate transcriptional regulation
mechanism of ULBP1, since TSA treatment significantly increased the ULBP1 mRNA level
in HFF. Overexpression of HDAC is a common event in many cancer types and leads to
formation of compact chromatin structures due to removal of acetyl groups from histones.**'
As consequence, transcription is impaired since transcription factors are unable to bind to
promoter regions. Several reports showed, that MICA and MICB can be induced upon
HDAC: treatment. This induction has been linked to increased acetylation of histone H3 in the
promoters of MICA and MICB.** Furthermore, upregulation of MICA/B upon HDACi
treatment was dependent on the glycogen-synthase-kinase 3 (GSK3).*** Our own studies
showed, that not only MICA/B expression but also ULBP1 expression can be induced in
primary AML blasts and HFF upon treatment with VA and TSA, respectively.”’ However the
molecular mechanisms of HDACi-mediated upregulation of ULBP1 are largely unknown.
Investigation of the acetylation status in the ULBP1 promoter region might help to elucidate
the molecular mechanisms leading to ULBP1 induction. Upregulation of ULBP1 might also
be caused by secondary effects upon TSA treatment. In order to identify molecular pathways,
involved in TSA-mediated upregulation of ULBPI, inhibitors like caffeine and KU-55933
(inhibitor of ATM/ATR), rapamycin®® (inhibitor of mTOR) or LY29402**° (inhibitor of
PI3K), all which have been used to investigate regulation of NKG2D-L expression by other
groups, might help to address this question.

Multiple studies have shown that HDACi induce NKG2D-L expression selectively in
cancer cells, while no increase of NKG2D-L was observed in non-malignant cells.®-*%>2%
Therefore, pharmacological induction of NKG2D-L by treatment of patients with HDACi in
combination with immunotherapeutical approaches, such as adoptive transfer of alloreactive

NK cells, might represent a new therapeutic strategy in anticancer treatment.
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NKG2D ligand expression in AML increases in response to HDAC inhibitor
valproic acid and contributes to allorecognition by NK-cell lines with single
KIR-HILA class I specificities

Stefan Diermayr,' Heike Himmelreich, Bojana Durovic,' Arina Mathys-Schneeberger,” Uwe Siegler, ' Ulrich Langenkamp,’
Jan Hofsteenge,? Alois Gratwohl,? André Tichelli,* Monika Paluszewska,* Wieslaw Wiktor-Jedrzejczak, +
Christian P. Kalberer, and Aleksandra Wodnar-Filipowicz'

‘Department of Research, University Hospital Basel, Basel, Switzerland; 2Friedrich Miescher Institute for Biomedical Research, Basel, Switzerland; 3Stem Cell
Transplant Team, Universily Hospilal Basel, Basel, Swilzerland; and “Department of Hematology and Oncology, Medical University of Warsaw, Warsaw, Poland

This study exploited alloreactivity of natu-
ral killer (NK) cells for augmenting the
recoghnition of human acute myeloid leu-
kemia (AML). To circumvent the inhibitory
effect of killer immunoglobulin receptor
(KIR) signaling, we generated NK-cell lines
with single KIR specificities for major
human leukocyte antigen (HLA) class |
allotypes. We demonstrated efficient cy-
tolysis of KIR-HLA class I-mismatched
primary AML blasts even at low effector-
to-target ratios. To define the impact of
tumor-associated activating NKG2D-

ligands (NKG2D-L), 66 AML patients at
diagnosis were analyzed. NKG2D-L were
selectively expressed on monoblastic
cells in AML M4 and M5 yet absent or
weakly expressed on myeloblastic cells
in all AML subtypes. Paucity of cell-
surface NKG2D-L was not the result of shed-
ding because levels of soluble ULEP1
ligand measured in AML plasma were in the
normal range. Notably, purified NKG2D-L*
monoblastic cells were more susceptible to
NK-mediated Killing than NKG2D-L~ myelo-
blastic cells. Accordingly, induction of cell-

surface NKG2D-L by treatment with the
histone deacetylase inhibitor, valproic acid,
rendered cells more sensitive to NK cytoly-
sis. These data suggest that adoptive trans-
fer of selected populations of alloreactive
HLA class I-mismatched NK cells in combi-
nation with pharmacologic induction of
NKG2D-L merits clinical evaluation as novel
approaches to immunotherapy of human
ANML. (Blood. 2008;111:1428-1436)

© 2008 by The American Society of Hematology

Introduction

Improved outcome of acute myeloid leukemia (AML) after stem-
cell transplantation across the human leukocyte antigen (HLA)
class [ barrier highlighted a potential of natural killer (NK) cells in
recognition and elimination of residnal malignant cells by the
graft-versus-leukemia (GVL) effect in the absence of graft-versus-
host disease (GVHD).2? NK cells develop rapidly from trans-
planted progenitor cells but display numerous phenotypic abnormali-
ties and a functional immaturity, which may limit their effectiveness
in tumor rejection in vivo.>* Adoptive transfer of mature NK cells
in the early postiransplantation period is therefore a rational
approach aimed at providing the patient with the benefit of
competent cytotoxic effectors.”

NK cells are innate immunity CD56*CD3~ lymphocytes, the
function of which is regulated by the integration of signals
delivered from multiple inhibitory and activating receptors.® The
killer immunoglobulin-like receptors (KIRs), which are clonally
distributed in the NK-cell repertoire, recognize allelic groups of
HLA class [ molecules on target cells and are dominant determi-
nants of NK-cell function” NK cytotoxicity is inhibited on
recognition of “self” HLLA class I molecules, whereas absence or
loss of HLA class I can render cells susceptible to NK-mediated
lysis. In the transplant setting from haploidentical stem-cell donor,
alloreactivity of NK cells is provided by the KIR-HLA class |
mismatch.® In addition to sensing the missing self HLA class I

molecules, NK cells need to be stimulated through engagement of
activating NK receptors by specific cell-surface ligands expressed
by target cells.*'® NKG2D is one of the best characterized receptors
required for NK-mediated tumor immunosurveillance.!! In mice,
NKG2D function can protect the host from tumer initiation and
also eradicate existing tumors expressing the H60 and Rae-1
ligands.'>'® The human NKG2D ligands (NKG2D-L) include
2 families of proteins belonging to major histocompatibility
complex class 1 (MIC)-related molecules, and UL-16 binding
proteins (ULBP). %13 In epithelial tissue, the surface expression of
NKG2D-Lis up-regulated in response to cellular stress, including
heat shock, DNA damage, and stalled DNA replication, which are
common in human cancer.'®!7 A notion that NKG2D-L play a key
role as tumor-associated ligands rendering cells sunsceptible to
NK-mediated lysis, has encouraged pharmacologic approaches to
achieve the NKG2D-L induction. !%1?

Understanding the molecolar interactions regulating the NK
function has nncovered numetrouns escape mechanisms preventing
recognition of leukemic blasts by NK cells. Unlike in solid tumors,
which frequently down-regulate HLLA class [ molecules, malignant
leukemic cells carry high levels of HLA class I having a protective
effect.?® NKG2D-L are absent or expressed at low levels in the
majority of patients with acute leukemia,>*?* thereby preventing
efficient activating interactions. An additional route of tumor
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evasion from NK immunosurveillance is through proteolytic
shedding of NKG2D-L molecules,?'-** the soluble forms of which
systemically down-regulate NKG2D receptor expression and lower
the ability of NK cells to recognize tumor cells.*?* These immune
escape mechanisms involving both inhibitory and activating receptor-
ligand interactions may diminish the clinical GvL effect of NK
cells nsed as cellular immunotherapy.

The aim of this study is to achieve efficient NK-mediated
cytolysis of AML by integrating effects provided by the missing
KIR-HLA class T interaction and by the NKG2D receptor-ligand
recognition. We show that expression of NKG2D-L is dependent
on the type of AML blasts and that pharmacologic up-regulation of
NKG2D-L levels by the histone deacetylase (HDAC) inhibitor,
valproic acid, leads to a significantly increased NK-mediated lysis
of AML cells. The alloreactive effect of NK cells can be optimized
by vsing NK-cell lines with single-KIR specificities mismatched
with respect to HLA class [ allotype of target tumor cells. Clinical
implementation of these strategies may enhance the therapeutic
impact of NK alloreactivity against human AML.,

Methods

Leukemia patients and healthy donors

Patients presenting with primary AML (n = 55), secondary AML (n = 11},
chronic myelomonocytic leukemia (CMML; n = 3), and healthy controls
(n = 25) were included in the study. The diagnosis and definition of AML
subtypes M1-MS and CMML were based on morphologic, cytogenetic, and
immunophenotypic criteria. The blast content was 59% plus or minus 3.5%
(mean = SEM). Peripheral blood samples from patients and healthy donor
controls were collected in compliance with the guidelines of the Ethical
Committees of the University Hospitals in Basel and Warsaw. Informed
consent was obtained in accordance with the Declaration of Helsinki.

Cell lines

C1R-neo and C1R-ULBPI1 transfectants”! (kind gift of A. Steinle, Eberhard-
Karls University Tiibingen, Tiibingen, Germany) were cultured in RPMI-
1640 containing 10% fetal calf serum and 1 mg/mL Geneticin (all from
Invitrogen, Carlsbad, CA). The lymphoblastic cell line 721.221 and
221-B*5801 (221-Bw4), 221-Cw*0304 (221-C1), and 221-Cw*0401 (221-
C2) transfectants?S (kind gift of P. Parham, Stanford University, Stanford,
CA) were cultured as above, except that Geneticin was omitted.

Flow cytometry (fluorescence-activated cell sorter) and
monoclonal antibodies

Fresh heparinized peripheral blood (50-200 pL) was stained with mouse
monoclonal antibodies (mAbs) conjugated with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), peridin chlorophyll protein, or allophycocya-
nin (APC) followed by lysis of red blood cells with fluorescence-activated
cell sorter (FACS) lysis buffer (BD Biosciences, San Jose, CA). Conjugated
mAbs against human CD3, CD435, CD56, CD158b, and control mouse IgG1
(all from BD Biosciences), CD158a (Beckman Coulter, Marseille, France),
and CD158e (BD Biosciences and R&D Systems, Abingdon, United
Kingdom) were used. Staining with unconjugated mouse mAbs against
ULBP1 (M295), ULBP2 (M311), ULBP3 (M551) (all at 10 pg/mL; kind
gift of D. Cosman, Amgen, Seattle, WA), MICA/B and HL A class I (both at
10 pg/mL; BD Biosciences) was followed by staining with secondary goat
a-mouse IgG-FITC (Jackson ImmunoResearch, West Grove, PA). At least
100000 events were acquired using FACS (FACSCalibur, BD Bio-
sciences), and analysis was performed using CellQuest Pro software (BD
Biosciences). Expression level of NKG2D-L was defined as the mean
fluorescence intensity ratio (MFI-R) of values obtained with specific mAbs
divided by values given by secondary or control mAbs.
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Purification and culture of AML cells

Mononuclear cells were isolated from peripheral blood by Ficoll-
Histopaque (Sigma-Aldrich, St Louis, MO) and cryopreserved until use.
AML and CMML cell subpopulations were purified by sorting according to
the side scatter and CD45 staining using FACSVantage (BD Biosciences).
AML cells (5 % 10%ml) were cultured for 2 days in serum-free X-Vivo
10 medium (Cambrex, Verviers, Belgium) supplemented with cytokines,
bovine serum albumin, insulin, and transferin, as described,?” without and
with valproic acid (VA) at 1 mM (Orfiril; Desitin, Liestal, Switzerland).

Purification and culture of NK cells

NK cells were obtained from peripheral blood mononuclear cells of a
healthy donor (HLA A29/A23, B35/B44, Cw04/Cw12; KIR haplotype B)
and purified by CD3* cell depletion followed by CD56% cell-selection with
antibody-conjugated immunomagnetic microbeads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) to a purity of more than 98%. Cells were stained
with mAbs against CD158a-PE, CD158b-FITC, and CD158e-APC and
single KIR-expressing NK cells were sorted using FACSVantage. Sorted
cells were cultured in 24-well plates containing 2 mL of Iscove modified
Dulbecco medium and 5% human AB* serum and supplemented with IL.-2
(100 U/mL; kind gift of Novartis, Basel, Switzerland) and phytohemagglu-
tinin (1 pg/mL, Murex Biotech, Dartford, United Kingdom) in the presence
of irradiated allogeneic monononuclear cells.2® After 500- to 1000-fold
expansion during 14 to 21 days, the purity of NK cells was defined by
staining with anti-CD56, -CD3, and respective -CD158 mAbs. NK-cell
lines with the purity of more than 97% were cryopreserved.

Cellular cytotoxicity assays

The cytotoxic activity of NK-cell lines was tested by chromium release
assay as described 22 Briefly, 2 > 10 target cells were labeled with 250 pCi
SICr (Amersham, Little Chalfont, United Kingdom) in Iscove modified
Dulbecco medium containing 10% fetal calf serum for 2 hours at 37°C,
followed by incubation with NK cells for 4 hours at 37°C at the indicated
effector-to-target (B/T) ratios. For blocking experiments, effector cells were
preincubated with anti-NKG2D MS585 mAb (kind gift of D. Cosman) at
10 pg/mL or mouse IgG 1k (BD Biosciences) for 1 hour at 37°C. Maximum
SICr release was determined with target cells lysed in 0.1% Triton-X.
Percentage of cytotoxicity was calculated as follows: 100 > (experimental
release — spontaneous release)/(maximum release — spontaneous release).
Experiments were performed in triplicate.

Analysis of soluble ULBP1

An ULBP1-specific enzyme-linked immunosorbent assay (ELISA) was
developed to detect soluble ULBP1 (sULBPL) in plasma of AML patients
and healthy blood donors. Plasma samples were diluted 1:1 with 50 mM
Tris-HCL, pH 6.8, containing 1% Triton X-100 and incubated for
30 minutes at 37°C. Recombinant human (rh) ULBP1/Fe (R&D Systems)
was used as standard. Supernatants and cell lysates prepared in 50 mM
Tris-HC1, pH 8.0, containing 0.15% saponin and 1% Triton X-100.>* from
CIR-ULBP! and ClR-neo cells were used as controls. ELISA plates
(Maxisorp; Nune, Roskilde, Denmark) were coated with the capture
anti-ULBP1 M295 mAb at 5 pg/mL in phosphate-buffered saline (PBS)
overnight at 4°C, followed by blocking with ELISA buffer (2% bovine
serum albumin, 0.2% Tween 201in PBS) for 90 minutes at room temperature
(RT) and washing. Samples were added in duplicates for 90 minutes at RT.
After washing, biotinylated detection antibodies BAF1380 (R&D Systems)
were added at 0.5 pg/mL in ELISA buffer for 1 hour at RT. ELISA was
developed based on streptavidine alkaline phosphatase substrate system
(Sigma-Aldrich), and the absorbance was measured at 405 nm with a
microplate reader (Spectra MAX 190; Bucher Biotec, Basel, Switzerland).
Detection range of ULBP1 was 0.2 to 25 ng/mL. For measurement of
sMICA, we performed a sandwich ELISA using the capture anti-MICA
M673 mAb (5 pg/mL, Amgen), the detecting biotinylated Ab BAF1300
(0.5 pg/mL, R&D Systems), and th MICA/Fe (R&D Systems) as
standard. Plasma samples were diluted in ELISA buffer. Detection range
of sMICA was 0.2 to 50 ng/mL.
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Size exclusion chromatography was performed using a Superose
12-column (10 X 300 mm) equilibrated in PBS containing 250 mM NaCl,
with 200 pL human plasma from a healthy peripheral blood donor
containing 78 ng/mL sULBPI, as determined by ULBP1 ELISA. Fractions
of 0.5 mL were collected in PBS containing 250 mM NaCl and tested in
duplicate by ELISA for the presence of sSULPBI. To determine the
molecular weight of sULBPI1, the column was calibrated with a set
of molecular weight standards (6.5-63 kDa, Sigma-Aldrich; and
Amersham, Freiburg, Germany).

Immunoprecipitation/Western analysis of ULBP1

Fractions 21 to 25 from the size exclusion chromatography, selected
according to the ULBP1 ELISA, were pooled and subjected to immunopre-
cipitation with anti-ULBP1 M295 mAb, or mouse IgG1k (BD Biosciences)
or anti-NKG2D M585 mAb (10 pg each) as controls. Lysates from
CI1R-neo and C1R-ULBP1 transfected cells (1 mg protein) were subjected
to immunoprecipitation with anti-ULBP1 M295 mAb (3.5 ng). Immunopre-
cipitates of the chromatography fractions and CIR cells were incubated
with protein A-Sepharose 4B beads (Sigma, 50 pl/sample) for 4 hours at
4°C. For Western analysis, proteins were separated on sodium dodecyl
sulfate-polyacrylamide gels (12%), blotted onto nitrocellulose, and ULBP1
was detected with biotinylated anti-ULBP1 BAF1380 (R&D Systems) Ab
at 0.1 pg/mL. As a positive control th ULBP1/Fc chimeric protein (3 ng)
was loaded. Western blots were revealed with streptavidin-horseradish
peroxidase (R&D Systems) and chemoluminescent substrate (SuperSignal;
Pierce, Rockford, IL).

Statistical analysis

GraphPad software (San Diego, CA) and Student ¢ tests were used to
analyze NKG2D-L levels in AML and cytolysis of AML cells by NK cells.

Results

NKG2D ligands are preferentially expressed by monoblastic
leukemic cells in AML M4 and M5

According to previous studies in AML, including our own,
leukemic blasts from most patients have a NKG2D-L-negative/low
phenotype, and sporadically, NKG2D-L—positive cases can be
found.?"* To elucidate the pattern of NKG2D-L expression in
AML, we performed a detailed FACS analysis of cell-surface
ULBP and MIC ligands in 66 patients at diagnosis (Figure 1). The
myeloid blast populations, analyzed according to side scatter and
CD45 expression level, were further subdivided as myeloblastic
CD45-dim (R1) and monoblastic CD45-intermediate (R2), which
were clearly distinct from a population of CD45-bright residual
normal lymphocytes (Figure 1A top panels). In AML M1-M3, in
which the myeloblastic CD45-dim cells constitute the only blast
population, NKG2D-L were absent or low (MFI-R of 1.0-2.0) in a
majority of cases (ULBP1-negative M2 is shown in Figure 1A). In
AML M4 and M5, containing CD45-dim and CD45-intermediate
blast populations in different proportions, there was a marked
difference in NKG2D-L expression dependent on the type of
leukemic cells: myeloblastic cells were mostly ligand-negative,
similar to M1-M3, whereas monoblastic cells were frequently
ligand-positive (Figure 1A bottom panels). The results on ULBP1,
ULBP2, ULBP3, and MICA/B expression are summarized in
Figure 1B (details on NKG2D-L expression in 66 individual AML
patients are given in Table S1, available on the Blood website; see
the Supplemental Materials link at the top of the online article); an
additional 3 patients with CMML were included in the study
because of the presence of both myeloblastic and monoblastic cells.
The myeloblastic cells displayed one or more NKG2D-L in only

BLOOD, 1 FEBRUARY 2008 - VOLUME 111, NUMBER 3

AML M2 AML M4 AML M5
Q
17}
»n
2 1 1
3
o
‘|’ 2 2
ULBP1 >
R1 = myeloblastic cells R2 = monoblastic cells
2 ULBP1 20 ULBP2
o 15 ] P < .0001 pe P < .0001
E’ .
s 1 eooee 10 eoo
% S
5 o 5 %
228 o
0 Al LYY VY LA 0 w Socesce®
myeloblastic i y i i
(n =65) (n=24) (n =49) (n=18)
20 ULBP3 20 MICA/B
w15 P <.0001 18 P <0001
E10 10 oo
%
8 5 0% %
o Luxioss : o [eooeeduneres  Segss
Y Y
(n=62) (n=22) (n=47) (n=15)
Figure 1. Expression of cell surface NKG2D-L by myeloblastic and monoblasti

cells in AML and CMML. (A) FACS analysis of ULBP1 expression by AML peripheral
blood cells of 3 patients with AML M2, M4, and M5. Gating of myeloblastic CD45-dim
(R1) and monoblastic CD45-intermediate (R2) is shown in top panels, according to
side scatter (SSC) and CD45 expression level. Histograms of ULBP1 expression by
myeloblastic cells (R1, gray area) and monoblastic cells (R2, black area) are shown in
bottom panels. (Thin line) Staining with secondary mAb. (B) Summary of ULBP1,
ULBP2, ULBP3, and MICA/B expression levels, defined as MFI-R, by monoblastic
and myeloblastic cells in all analyzed AML (n = 66) and CMML (n = 3) patients (for
details on individual patients, see Table S1). Horizontal bars show the median values.
(P < .001, significant difference in NKG2D-L expression levels by 2 types of leukemic
blasts.)

11 0f 69 (16%) patients and only at low levels (MFI-R up to 3.9). In
contrast, the monoblastic cells expressed the ligands in 17 of
24 (71%) patients and at significantly higher levels (MFI-R up to
18.8; P < .001). This pattern indicates that NKG2D-L expression
is related to the subtype of myeloid leukemia and that NKG2D-L
surface density is higher on monoblastic cells that have undergone
oncogenic transformation at later stages of myeloid differentiation.

Soluble ULBP1 is less abundant than soluble MICA in
AML plasma

We considered the possibility that absence or low levels of
membrane-bound NKG2D-L is the result of shedding from the cell
surface. Proteolytic release of NKG2D-L has been described with
MIC molecules, and recently with ULBP2, in various human
tumors including hematopoietic malignancies.?’*031 Here, we
established the ULBP1 ELISA to detect sULBP1 in human plasma
(Figure 2). The specificity of the assay was demonstrated in control
experiments in which high levels of ULBP1 were found in cell
lysates and culture supernatants of C1R-ULBP1 transfectant cells,
exceeding 200- to 300-fold the levels of endogenous ULBP1 in
mock-transfected CI1R-neo cells (Figure 2A). Using ULBPI1-
specific mAbs, the immunoprecipitation and Western analysis of
cell lysates (Figure 2B) from C1R-ULBP1 transfectants revealed a
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Figure 2. Identification of soluble ULBP1 (sULBP1) in AML plasma. (A) ULBP1
ELISAwas established (see “Analysis of soluble ULBP1”) and used to detect sULBP1
in C1R-ULBP1 cells (lane 1, culture supernatant gray bar; lane 2, cell lysate, black
bar) but not in control C1R-neo cells (lanes 3 and 4). (B) Immunoprecipitation and
Western analysis of sULBP1 in cell lysates of C1R-neo control cells (lane 1)
C1R-ULBP1 cells (lane 2) and rh ULBP1/Fc (55 kDa; 3 ng, lane 3). Black arrow
indicates the full-length ULBP1 molecule of approximately 40 kDa. (C,D) Levels of
sULBP and sMICA in plasma from AML patients (n = 43; open symbols) and healthy
donors (HD; n = 25; closed symbols), as determined by ELISA. Horizontal bars show
the median values. Not significant (P = not significant) or highly significant (P < .001)
difference in sULBP1 and sMICA levels in AML versus HD, respectively.

band of approximately 40 kDa, probably reflecting a full-length
glycosylated ULBP1 molecule (lane 2), which was absent in
C1R-neo control cells (lane 1). In human plasma, ULBP1 was
found to exist as a 63 kDa complex, formed by 20 kDa portions
corresponding to the ULBP1 extracellular domain (Figure S1).
Having established the specificity of ULBP1 ELISA, we
assayed the levels of sULBP1 in plasma from AML patients
(n = 43) compared with healthy donors (n = 25; Figure 2C).
The average sULBP1 concentration in AML was 8.1 plus or
minus 2.1 ng/mL, which was not significantly different from
11.6 plus or minus 3.7 ng/mL in control samples. In 9 of
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43 AML patients, plasma levels of sSULBP1 were above average
values and reached 78.5 ng/mL, but similarly increased sULBP1
was found in 7 of 25 healthy donors. It should be noted that
9 samples with elevated sULBP1 included AML of different
subtypes with ULBP1~ and ULBP1* cell surface phenotypes,
and there was no correlation to blast count. Next, we compared
levels of SULBP1 with soluble MICA (sMICA; Figure 2D).
Concentrations of sSMICA in AML plasma were significantly
higher than in plasma of healthy donors (24.5 £ 2.9 ng/mL vs
9.3 = 1.2 ng/mL; P < .001), in agreement with previous stud-
ies.?! In only one of 43 analyzed samples, both sULBP1 and
sMICA levels were simultaneously exceeding the average
values (details on SULBP1 and sMICA levels in individual AML
plasma samples are given in Table S1). The lack of correlation
between sULBP1 and sMICA levels suggests that different
mechanisms are responsible for proteolytic cleavage of GPI-
linked ULBP and transmembrane MIC ligands. Altogether, the
measurement of plasma levels of sSULBP1 demonstrated that
ULBPI1-negative/low phenotype of myeloblastic cells found in
the majority of AML patients is not the result of ULBP1
shedding but represents an intrinsic property of AML blasts.

Generation of cytotoxic NK cells with single KIR-HLA class |
specificity

Our next goal was to determine the relevance of cell surface
NKG2D-L for recognition of AML blasts by NK cells. We took
into account that AML blasts express HLA class I (see Table S1),
and are therefore subject to dominant signals elicited by
KIR-HLA class I interactions. To circumvent the inhibitory
signaling which may mask the contribution of activating
ligands, we generated NK-cell lines expressing single types of
KIRs, each specific for one of the 3 major HLA class I allotypes.
Healthy donor-derived purified CD56*CD3~ NK cells were
stained with mAbs specific for CD158a (KIR2DL1) recognizing
HLA-C group 2 alleles, CD158b (KIR2DL2 and KIR2DL3)
recognizing HLA-C group 1 alleles, and CD158e (KIR3DL1)
specific for HLA-Bw4 alleles.3> The single KIR-expressing
CD158a", CD158b", or CD158e* cells, termed subsequently
“single-KIR” NK cells, represented small subsets of 14%, 5%,
and 2% of donor NK cells, respectively (Figure 3A). The
“single-KIR” subsets were purified by FACS sorting and
cultured under conditions allowing up to 1000-fold expansion
within 2 to 3 weeks?® while maintaining the KIR specificity, thus
generating NK-cell lines with 97% to 98% purity with respect to
each type of KIR (Figure 3B). The functional specificity of these
NK cells was tested against the HLA class I-negative lymphoblas-
toid 721.221 cell line stably transfected with genes encoding the
HLA-Bw4 and HLA-C group 1 and group 2 alleles. CD158a™*,
CD158b*, and CD158e* NK-cell lines were highly cytotoxic
against parental 721.221 cells, but not HLA class I transfectants
matching the KIR specificity (Figure 3C). Subsequently, the
activity of “single-KIR” NK-cell lines was tested against HLA
class I-deficient leukemic K562 cell targets and against primary
AML cells (Figure 3D). Using CD158a* and CD158e™ cells as
an example, we demonstrated that K562 cell lysis was indepen-
dent of KIR specificity, whereas AML blasts missing the C2
group allele were selectively killed by mismatched CD158a™
cells. These results confirmed the specificity of target cell
recognition by “single-KIR” NK-cell lines.
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Figure 3. “Single-KIR” NK-cell lines specifically de-
tect HLA class | allotypes. (A) FACS analysis of KIR
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“Single-KIR” NK-cell lines are highly cytotoxic against
AML blasts

We examined the cytolytic effect of “single-KIR” NK-cell lines
against leukemic blasts from 10 patients with various leukemia
subtypes characterized by NKG2D-L~ and NKG2D-L* pheno-
types (Figure 4). Experiments were performed under defined
KIR-HLA class I interactions by selecting both matched and
mismatched NK-cell effectors according to HLA class I character-
istics of each analyzed patient (for HLA class I haplotypes and
predicted alloreactivity of NK cells, see Table S2). At the E/T ratio
of 10:1, NK cells carrying mismatched KIRs were highly cytotoxic
against leukemic blasts and their effect was significantly more
pronounced than cytolysis observed with matched NK cells in case
of every patient (Figure 4A). Remarkably, blasts were lysed by
KIR-ligand mismatched NK cells even at the low E/T ratio of 1:1
(Figure 4B), underlining a strong cytolytic potential of “single-
KIR” cell lines when selected according to HLA class I allotype of
each target. There were large interindividual differences in suscep-
tibility to alloreactive NK cells, obscuring the putative differences
in lysis of NKG2D-L~ and NKG2D-L* blasts (Figure 4A,B).
Therefore, we purified NKG2D-L~ myeloblastic cells and
NKG2D-L* monoblastic cells (Figure 5A) and exposed the 2 types
of blasts from patients with AML M5 and CMML to KIR-HLA
class [-mismatched NK cells (Figure 5B). The lysis of NKG2D-L*

721.221

221-Bw4

CD158e*
NK cells

5 25 125
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monoblastic cells was significantly more efficient than NKG2D-L~
myeloblastic cells over a wide range of E/T ratios (P < .05). This
stronger killing of NKG2D-L* monoblastic cells was reduced to
the level of killing of NKG2D-L ™~ myeloblastic cells when NKG2D
blocking mAbs were included in the assay (Figure 5B), indicating
that expression of cell-surface NKG2D-L is relevant for blast
recognition by alloreactive NK cells.

Valproic acid up-regulates NKG2D-L expression on leukemic
blasts and enhances sensitivity to NK-mediated killing

The HDAC inhibitor VA is an antineoplastic drug promoting the
myeloid differentiation of leukemic cells.®® A previously reported
induction of NKG2D-L in hepatoma cells exposed to VA3
prompted us to investigate the consequences of VA treatment for
the NKG2D-dependent recognition and killing of AML cells. The
leukemic blasts from AML patients were treated for 2 days with
VA, and the cell-surface expression of NKG2D-L and cytolytic
effect of “single-KIR” NK-cell lines were examined (Figure 6). VA
up-regulated the level of ULBP1 and MICA/B significantly
stronger than observed by culturing cells in growth factor-
containing medium only (Figure 6A). With 13 analyzed samples
(which included 12 patients with NKG2D-L.~ AML M0-M2, and
one patient with MICA/BT AML M4), the up-regulation of
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Figure 4. Cytotoxicity of “single-KIR” NK-cell lines against human primary
leukemic cells. Cytolysis by CD158a*, CD158b*, and CD158e* NK-cell lines
was tested against cells from 10 AML and CMML patients, at the effector-to-target
(E/T) ratios of 10:1 (A) and 1:1 (B). For each patient, NK-cell effectors were
selected according to KIR-HLA class | mismatch (M) and KIR-HLA class | match
(0), as specified in Table S2. Error bars represent SD. (*P < .01, **P < .001,
significant difference between killing by KIR-HLA class |-mismatched and
—matched NK cells.)

NKG2D-L in response to VA treatment was observed in case of
11 patients and reached 2.5 plus or minus 0.3-fold for ULBP1
(P < .001) and 2.9 plus or minus 0.5-fold for MICA/B (P < .05).
The impact of VA-mediated increase of NKG2D-L levels was
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Figure 5. Susceptibility of NKG2D-L- and NKG2D-L* leukemic blasts to
“single-KIR” NK-cell lines. (A) Myeloblastic CD45-dim (R1) and monoblastic
CD45-intermediate (R2) cells from a patient with AML M5 were purified by FACS-
sorting to obtain the NKG2D-L~ and NKG2D-L* blasts (purity > 98%). The same
purification procedure was applied to blasts from a patient with CMML (not shown).
(B) Specific lysis of purified AML M5 and CMML patient-derived myeloblastic cells (<)
and monoblastic cells (®) by mismatched “single-KIR” NK-cell lines. Blocking
«-NKG2D mAbs were preincubated with NK effectors before the cytotoxicity assay at
the indicated E/T ratios (@). (* P < .05, significant difference between cytolysis of
myeloblastic and monoblastic cells.)
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Figure 6. Increased susceptibility of leukemic blasts to “single-KIR” NK-cell
lines after treatment with valproic acid (VA). (A) FACS analysis of ULBP1 and
MICA/B expression levels by leukemic blasts from 6 AML patients untreated (black
area), and after 2 days treatment with medium alone (black line) or VA (gray area);
broken line, isotype-specific mAb staining. (B) Specific lysis of cells treated with
medium alone (open symbols) and VA (filled symbols) by KIR-HLA class
|I-mismatched (squares) and matched NK-cell lines (circles). (*P < .05, **P < .01,
significant difference between cytolysis of VA-treated and untreated AML blasts by
NK cells.) (C) Reduction of specific lysis of AML cells by a-NKG2D blocking mAbs.
KIR-HLA class I-mismatched NK cells were preincubated with blocking mAbs and
used as effectors against AML cells cultured in medium without VA (CJ) and with VA
(). The effect of a-NKG2D mAbs is the average of results obtained at 3 NK
celltarget cell ratios of 10:1 (or 5:1), 2.5:1, and 1.2:1. Lysis after use of a-NKG2D
mAbs is shown as %. No blocking was observed with control IgG1 Abs (not shown).
Error bars represent SD. (*P < .05, **P < .01, significant difference between lysis of
VA-untreated and VA-treated AML blasts in the presence of «-NKG2D mAbs.)

tested in cytotoxicity assays performed under defined KIR-HLA class I
interactions, specific for each patient (Figure 6B). The cytolysis of AML
blasts by KIR-HLA class I-mismatched cells was enhanced after
treatment with VA, and in one AML case (Figure 6B first middle panel),
there was even a substantial induction of killing by matched NK cells.
Addition of blocking anti-NKG2D mAbs partly abolished the cytolysis,
and the blocking effect was stronger with VA-treated than VA-untreated
cells (Figure 6C), indicating the contribution of NKG2D-NKG2D-L
interactions to VA-modulated lysis of AML cells. These data demon-
strated a role of HDAC inhibitors in enhancing the recognition and
cytolysis of AML blasts by alloreactive NK cells.
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Discussion

Relapse is a frequent severe complication in treatment of
AML.?° The clinical finding that HLA-nonidentical NK cells can
exert the GvL effect and alter the outcome of bone marrow
transplantation in AML opened a perspective of cellular immu-
notherapy with NK cells displaying alloreactivity toward the
recipient’s HLA type.?>*" In this work, we demonstrate that the
clinical impact of NK cells against human AML may be
enhanced by selecting for KIR-HLA class [-mismatched subpopu-
lations of NK cells and by combining the cellular therapy with a
pharmacologic induction of NKG2D-L to angment the recogni-
tion of leukemic blasts by NK cells.

Alloreactivity of NK cells against tumors is based on
recognition of tumor-associated activating ligands in the ab-
sence of inhibitory KIR engagement with HLA class . Typi-
cally, however, only 2% to 20% of NK cells in peripheral blood
carry a single type of a potentially alloreactive KIR.-%%#
Indeed, the size of a subset mismatched with respect to HLA
class I allotype of the AML patient was shown to parallel the
degree of NK-cell cytotoxicity against leukemic targets.”® The
low content of alloreactive NK cells may explain the require-
ment of high E/T ratios of up to 100:1 to achieve a pronounced
killing of primary AML in vitro.*'2*%® We demonstrated the
possibility of generating NK-cell lines expressing a single type
of KIR, with CD158a", CD158b*, or CD158e* phenotypes,
which can be selectively used according to a missing HLLA class
[ allotype on target cells. In such a mismatched setting, every
tested AML sample was lysed with a significantly higher
efficiency than by NK cells carrying KIRs, which matched the
patient’s HLA class 1. Consequently, prominent cytolysis was
achieved using 10:1 and even 1:1 proportion of alloreactive NK
cells toward AML targets. Selection for and appropriate choice
of “single-KIR” cells eliminates not only nonalloreactive NK-
cell subsets, but also hyporesponsive KIR-negative cells,*” from
the population of NK effectors. Use of selected competent
“single-KIR™ NK lines represents an alternative to the postu-
lated use of blocking antibodies against KIRs*'#? to attenuate
inhibitory KIR signals. Interestingly, in a mouse model of
pulmonary tumors, the tumor load was significantly reduced by
a single injection of inhibitory Ly49 ligand-mismatched, but not
matched, NK cells, providing evidence for the in vivo effective-
ness of alloreactive NK cells with a single inhibitory receptor—
ligand incompatibility.** Although 20% to 60% of “single-KIR”
NK-cell lines expressed the inhibitory receptor NKG2A specific
for HLA-E,* elimination of NKG2A-carrying cells to further
enhance the lytic potential of alloreactive cells is of no benefit becanse
the NKG2A~ phenotype is not stable and selected NKG2A™ cells
reacquire the receptor on culture (data not shown).

Importantly, after FACS-purification of CD158a*, CD158b*,
and CD158e™ “single-KIR” NK-cell subsets, we showed an effi-
cient, up to 1000-fold, cell expansion without loss of KIR
specificity or expression level in the resulting NK-cell lines.
Cytokine-dependent expansion of NK cells is associated with a
significant up-regnlation of the cell surface expression of the
activating receptor NKG2D, which plays an important role in
triggering the NK cell-mediated tumor cell lysis.#**" Accordingly,
knocking-down of NKG2D in huoman NK cells virtnally abolishes
the killing of leukemic targets.** The “single-KIR” NK-cell lines,
which were cultured in the presence of IL-2, harbored high levels
of NKG2D (MFI-R of approximately 100), possibly strengthening
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the NK cell-target cell recognition. The PHA and cytokine
stimulation accompanying the ex vivo expansion is essential for
effective alloreactivity because resting “single-KIR” NK cells are
poor antilevkemic effectors even in the presence of KIR-HL A class
[ mismatch (data not shown).

Ligands belonging to the ULBP and MIC famnilies are serving as
tumor-specific antigens for recognition and destructionin a NKG2D-
receptor dependent process. As a newly recognized mechanism of
innate immunity, induction of this ligand system represents a
response to genomic DNA damage as means to eliminate the
precancerous and cancer cells.* In AML, however, the NKG2D-L "
cases were found only sporadically.?’** By performing a detailed
phenotypic analysis of specific subpopulations of AML blasts, we
now show that myeloblastic CD45-dim cells are NKG2D-L~/low
in all patients, whereas monoblastic CD45-intermediate cells
frequently express high ligand levels. This pattern of ligand
distribution indicates that expression of NKG2D-Lis preferentially
clostered in lenkemias of the M4 and M5 subtypes, and provides a
strong support to our earlier conclusion that NKG2D-L are
acquired at late maturation stages in the myeloid lineage differentia-
tion process.?? This model is reinforced by our current finding that
paucity of cell surface ULBP1 was not the result of shedding.
Unlike elevated sMICA in AML, sULBPI levels in AML were high
in only a minority of patients, without a clear prevalence according
to AML subtype. This pattern is reminiscent of sporadically
elevated soluble ULBP2 described recently in sera of leukemic
patients and healthy donors.>' The susceptibility of AML to
cytotoxic elicited by alloreactive NK cells was highly heteroge-
neous, and the extent of lysis of individual AML patient-derived
blasts did not reflect the cell-surface NKG2D-L levels. This is
likely the result of contribution of ligands for other important
activating NK-cell receptors, snch as molecules interacting with the
natoral cytotoxicity receptors?? and ligands for DNAM-1.% These
ligand families may also contribute to a low but consistently
observed susceptibility of AML to cytolysis by KIR-HLA class
[-matched NK-cell lines.

By FACS-based purification of NKG2D-L~ myeloblastic
cells and NKG2D-L* monoblastic cells, we showed that
NKG2D-L* cells were significantly motre susceptible to NK-
mediated killing than NKG2D-L™ cells, thus demonstrating the
importance of cell-surface NKG2D-L for recognition and killing
of lenkemic targets. Consequently, we took a pharmacologic
approach to achieve the NKG2D-L up-regulation on NKG2D-L~/
low AML blasts. Recently, we demonstrated that differentiating
drugs, including the HDAC inhibitor trichostatin A, reversing
the epigenetic silencing mechanisms can up-regulate the
NKG2D-L in the myeloid leukemia cell line HL-60." Here we
used VA, reported recently as potent inducer of NKG2D ligands
in hepatocytes,®® and undergoing clinical trials in myeloid
malignancies.?**° Remarkably, treatment of AML cells with VA
produced a significant increase of NKG2D-L levels, resulting in
enhanced susceptibility to NKG2D-mediated killing. Of particn-
lar importance is that a majority of analyzed AML samples with
VA-induced changes belonged to NKG2D-L~ AML MO-M2, It
is also noteworthy that treatment with VA in some cases even
enhanced the killing of blasts by HL A class [-matched NK cells,
indicating that activating signals may override the negative KIR
signaling, as described with murine NKG2D-L-overexpressing
tumor targets.’* According to our preliminary data, VA treatment
also has a stimulatory effect on expression level of DNAM-1
ligands on AML cells. These data indicate that VA mediates
specific sensitization of malignant AML cells for immune
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effector mechanisms and may represent a valnable treatment
combination in the setting of KIR-HLA class I incompatibility.
Based on our in vitro analyses, the pharmacologic application of
VA is not likely to inhibit the cytotoxic properties of NK cells
but may be associated with inhibitory effect on expansion of
adoptively transferred NK cells (data not shown).

Potential clinical benefits of NK cells from HLA-nonidentical
donors include not only GvL reactivity but also prevention of
GvHD through elimination of dendtritic cells.®? Indeed, in a mouse
allogeneic transplant model, adoptive transfer of alloreactive NK
cells reduced the tumor load along with reducing the GvHD.* In
clinical transplantation, the KIR-HLA class I mismatches may not
protect from GvHD when NK cells are derived from unrelated
stem-cell donors,> whereas they may reduce the risk of GvHD in
T-cell-depleted haploidentical stem cell transplants.> Infusions of
donor-derived haploidentical NK cells have recently been initiated
and proven as safe and of potential clinical benefit in some
patients. "¢ Qur data indicate that adoptive transfer of haploidenti-
cal donor-derived NK cells should be preceded by selection of cells
alloreactive toward the recipient’s HLA. Subsequent IL-2-driven
ex vivo expansion of selected NK cells will yield activated
effectors in high numbers to reach effective proportions to the
tumor targets in vivo. Use of selected cell subsets will allow
reduction of the colture volume during cell expansion and,
furthermore, will avoid infusion of large quantities of nonalloreac-
tive bystander NK cells. We propose that appropriate use of
alloreactive NK cells in combination with pharmacologic indoction
of NKG2D-L merits clinical evaluation as novel approaches to
prevent relapses of human AML with NK-cell immunotherapy.
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2.2 Supplementary Data

Table 14: Ligands on myeloblastic/monoblastic cells and in plasma ofAML (n=66) and CMML (n=3)

% blasts® ULBP1" | ULBP2" | ULBP3" |MICA/B" [HLA-class I|sNKG2D-L¢
2°AML| total myelo- mono-myelo-mono-myelo-mono-myelo-mono-myelo-mono-myelo- mono- |SULBP1sSMICA
AML1 50 50 0 1.5 na 2.8 na 24.9 0.19
AML2 3 3 0 1.6 na 3.6 na 0.1 16.45
AML3 50 50 0 1.4 na 1.3 na 1.8 na 129 na 5.31 5.78
AML4 40 40 0 1.1 na 1.2 na 0.1 85.71
AML5 30 30 0 Al na 3.5 23.43
AML6 80 80 0 1.4 na 1.2 na 24 na 1.6 na 8.5 20.33
AML7 20 20 0 1.2 na 1.2 na 153 na 314.1 na 3:23 21.58
AML8 35 35 0 1.8 na 1.4 na 1.6 na 1.6 na 128.5 na 4.13 4.88
AML9 50 50 0 1.6 na 1.4 na i 4 na 1.4 na 579 na Bl 26.52
AML10 25 25 0 1.1 na 1.2 na 1.3 na 1.3 na 270.7 na
AML11 5 5 0 1.1 na 11 na 2 na 1.1 na 120 na
M1
AML12 80 80 0 1.5 na 2.4 na 62.6 na 0.1 19.13
AML13 10 10 0 1.2 na 2.1 na 0.1 12.51
AML14 15 15 0 1.5 na 1 na 1.2 na 1.4 na 144.2 na 18.97 17.38
AML15 90 90 0 1.2 na 1 na 12 na 1.2 na 49.6 na 7.23 23.51
AML16 40 40 0 1 na 1 na 1.2 na 1 na 32.2 na 2.47 42.23
AML17 86 86 0 1.2 na 1.4 na 1.2 na 1.2 na 87.5 na 6.42 29.47
AML18 95 95 0 1.4 na 1.7 na 1.6 na 74.6 na
AML19 80 80 0 n 5 na 1.1 na 1.1 na 1.3 na 81.3 na
M2
AML20 75 75 0 1.1 na 1.1 na
AML21 35 35 0 1.3 na 1.4 na 29.2 na
AML22 70 70 0 152 na 2. na 164.1 na 0.1 6.54
AML23| 55 55 0 1.3 na 1.2 na 113 na 3.4 18.67
AML24 45 45 0 1 na 1 na 1.7 na 1= na 108.7 na 2.91 11.23
AML25 70 70 0 1 na 14 na 1.5 na 1 na 166.4 na
AML26 50 50 0 1.1 na 1.1 na 2.3 na 1.2 na 168.1 na
AML27| 40 40 0 0.8 na 0.7 na 0.8 na 0.8 na 164.8 na
AML28 65 65 0 1 na 0.9 na 1 na 1 na 168.8 na 19.24 1.1
AML29 6 6 0 1.6 na 1.1 na 1.1 na 1.6 na 31.8 na
AML30 30 30 0 3.5 na 2 na 23 na 3.9 na 129.4 na 4.8 8.26
AML31 70 70 0 1 na 1 na 1.2 na 1.4 na 34.2 na 3.39 24.59
AML32 5 5 0 1.4 na 1.6 na 1.5 na 1.8 na 65.5 na 5.11 23.03
AML33| 90 90 0 1.1, na 1.1 na 1.1 na 1.1 na 82.7 na 2.92 18.77
AML34| 380 80 0 1:2: na 1.1 na 1.2 na 1.3 na 189.2 na 6.23 59.89
AML35 35 35 0 1.2 na 1.1 na 1.4 na 1.5 na 84.4 na 4.37 26.22
AML36 10 10 0 1 na 1.1 na 1.3 na 1.1 na 287.5 na
AML37 90 90 0 1.2 na 1.2 na 1.3 na 1.5 na 53.6 na
AML38 75 75 0 1 na 1 na 0.9 na 1 na 301.9 na
AML39 90 920 0 1.2 na 1.2 na 1.4 na 99.2 na
M3
AML40 95 95 0 1.1 na 1.1 na 101 na
AML41 40 40 0 1.5 na 1.1 na 1.6 na 1.3, na 20.4 na 2.94 17.93
AML42 45 45 0 1.2 na 1.2 na 13 na 1.2 na 175.2 na
AML43 95 95 0 1 na 1 na i na 1 na 14.5 na 3.76 46.98
AML44 70 70 0 3.3 na 1.4 na 1.8 na 2.2 na 83.4 na 3.24 84.91
AML45 95 95 0 1.1 na 1.1 na T na 1.2 na 70.7 na 2.92 26.85
M4
AML46 80 60 20 1 1.2 1 1.2 1.1 1.6
AML47 90 60 30 1:2 6.8 1.7 5.4
AML48 40 25 15 132 1.8 1.2 2.8 121.2 108.5 0.1 35
AML49 85 40 45 1.1 1.7 1.2 1.4 29.4 18.9 78.52 4.05
AML50 95 20 75 1 1.1 1.1 2.4 Il ) 1.3 45.9 33.6 0.1 40.2
AML51 45 5 40 157 18.7 1.5 8.9 1.5 8.5 90.8 63.8 7.22 27.67
AML52 70 10 60 11 9.2 1.1 5 hifS | 6.1 fE 8.7 203.6 156.1 2.92 11.77
AML53 90 75 15 1 1 1 1 1.2 1.1 1 1.2 34.2 12.8 22.38 39.08
AML54 85 70 15; 1.1 6.3 1 2.8 1.3 2.8 1 4 39.4 44.9 40.27 10.49
AML55| 95 75 20 1.2 9.2 1.2 5.7 1.2 6.5 13 7.5 60.1 67.7 2.51 38.46
AML56 90 70 20 1.3 9.2 1.1 4.9 1.1 4.9 1,2 71 69.7 86.7
AML57 20 10 10 3.3 1.3 1.8 il 1.3 0.9 3.3 1.3 10.4 10 3.3 24.64
AML58| 80 40 40 1.2 1.9 1.1 1 1.2 1.3 1.9 3.6 28.5 27.1
M5
AML59 80 40 40 1.2 12.2 1 72 1.2 5
AML60 10 0 10 na 1.6 na 1.6 na 1.5
AML61 95 0 95 na 4.6 na 2.5 na 3:5 na 98.9 15.69 | 14.79
AML62 40 0 40 na 1.5 na 1.3 na 1.8 na 93.7
AML63 85 0 85 na 6.2 na 6.1 na 304.8
AML64[ 60 10 50 1 4.9 1:3 3.9 1.4 4.4 1.2 7:2 91 39.4 2.83 28.99
AML65[ 90 20 70 1 1.1 1 1.1 1 1 1 1.1 114 99.6 10.83 8.89
AML66 80 10 70 1.4 9.3 1.6 8.9 2.1 9 3.2 11.3 |:137.9 116
CMML
CMML1 80 50 30 1.3 9.2 1.4 8.6 88.5 2.37 41.57
cMML2[ 40 10 30 1.1 18.8 12! 9.1 1.6 11.9 1.8 17.8 56.7 4.11 25.23
cMML3[ 30 10 20 1 1.3 1 Ll 1.3 13 1. 1.8 | 239.7 106.1
Mean| ss.o 45.2 13.7 1.3 5.8 1.2 3.8 1.5 3.9 1.4 5.9 | 107.7 82.7 8.1 24.5
n 69 69 69 65 24 49 18 62 22 47 15; 53 18 43 43
SEM| 35 3.7 2.9 01 11 | 00 07 | 01 06 | 01 12 | 10.4 16.3 2.1 2.9

2, % of blasts in peripheral blood; ®, MFI-R; ¢, ng/mL; na, not applicable; 2° AML, secondary AML; SEM, standart error of the mean.
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Table 15: HLA-class I haplotype of patients and potential NK cell recognition by KIR-HLA class I

mismatch
Missing Mismatched
Patient Diagnosis* HLA-A HLA-B HLA-C HLA-class IKIR (CD158)
M2 A02, A32 B07, B15 (Bw4, Bw6) Cw07, Cw07 (C1) Cc2 a
M2 AO1, AO3  BO8, B35 (Bw6) Cw04, Cw07 (C1, C2)  Bw4 e
M1 A02, A24 B51, B55 (Bw4, Bw6) Cw03, Cw12 (C1) Cc2 a
M2 A23, A30  BO7, B58 (Bw4, Bw6) Cw07, Cw07 (C1) c2 a
M4 nd B35, B35 (Bw6) Cw04, Cw04 (C2) Bw4, C1 b, e
M4 A24, A29  B18, B44 (Bw4, Bw6) Cwi12, Cwi6 (C1) c2 a
CMML A02, AO3  B51, B44 (Bw4) Cw05, Cw15 (C2) Cc1 b
M5 AO03, A29 B07, B35 (Bw6) Cw04, Cw07 (C1, C2) Bw4 e
CMML A01, A1l B08, B60 (Bw6) Cw03, Cw07 (C1) Bw4, C1 b, e
M5 A03, A29  B38, B44 (Bw4) Cw16, Cwi16 (C1) c2 a
* the order of samples corresponds to Figure 4; nd, not determined.
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Figure 38: (A) A biochemical ULBP1 detection approach in which human plasma was subjected to fractionation
by size exclusion chromatography followed by ELISA analysis of the eluate (see Methods). ULBP1 eluted as a
single peak with an estimated molecular weight of 63 kDa. (B) The ULBP1-containing fractions (21-25) were
pooled and subjected to immunoprecipitation and Western blot analysis. ULBPIl-specific mAbs
immunoprecipitated a protein of about 20 kDa (lane 4), as predicted for the extracellular ULBP1 region, which
was not observed in control immunoprecipitations using mouse IgG1 (lane 2) or NKG2D receptor-specific mAbs

(lane 3). Rh ULBP1/Fc is loaded as a control (lane 1).
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Abstract

The immunoreceptor NKG2D expressed by NK and T cells allows recognition and lysis of
tumor cells expressing the corresponding ligands. To spare healthy cells from NKG2D-
mediated cytotoxicity, the expression of NKG2D ligands (NKG2D-L) must be tightly
regulated. Discrepancy between NKG2D-L mRNA and surface expression levels indicates
that post-transcriptional mechanisms may be involved in the regulation of NKG2D-L
expression in healthy and malignant cells. To examine the contribution of 3’- untranslated
region (UTR) of ULBP1 to the regulation of ULBP1 gene expression, we constructed Renilla
luciferase reporter plasmids containing the full-length 3’UTR of ULBP1. We show that the
luciferase activity is strongly reduced to 7% - 13% in Jurkat and HeLa cells. Fragments of the
3’UTR, which cover the entire 2.4 kb of the 3’UTR, were less effective in reducing luciferase
activity than the full-length 3’UTR (19% - 40%). In luciferase reporter assays, mutation of
potential AU-rich elements revealed a mRNA stabilizing effect of these sequences. Mutations
of potential microRNA binding sites and partial silencing of Drosha protein by short hairpin
RNAs gave inconclusive results, and specific microRNAs controlling ULBP1 expression
could not be identified. Altogether these results provide evidence of a novel, 3’UTR-mediated
mechanism for regulation of ULBP1 and suggest that ULBP1 expression could be targeted at

post-transcriptional level to enhance immunogenicity of tumor cells.
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Introduction

The activating immunoreceptor NKG2D is expressed by cytotoxic NK and CD8" T cells and
triggers cellular cytotoxicity and cytokine production [1]. Ligands of NKG2D (NKG2D-L)
are frequently overexpressed by virus-infected or transformed cells but are rarely detectable
on healthy cells.[2] The functional importance of NKG2D and its ligands in cancer immunity
is illustrated by accelerated tumor development in NKG2D-deficient mice [3] and efficient
rejection of tumors ectopically expressing NKG2D-L on their surface [4, 5]. In healthy tissue,
inappropriate overexpression of NKG2D-L can trigger autoimmunity [6, 7]. This indicates
that NKG2D-L expression levels have to be tightly regulated to allow recognition of tumor
targets, but at the same time avoid destruction of untransformed tissues.

Human NKG2D-L include the MHC class I chain-related proteins A and B (MICA
and MICB) and six members of the UL-16 binding protein (ULBP) family [8-10]. Despite the
existence of a multitude of ligands for one receptor, selective expression of single proteins has
often been observed in various cell types and in response to various inducing signals. For
example, activation of T cells and macrophages leads to upregulation of MICA, but not MICB
[11], and ULBPI, but not the other ULBP ligands, are expressed in differentiating myeloid
progenitors and EBV-infected B cells [12, 13]. In cancer, expression of ULBP3 is specifically
detectable on chronic lymphocytic leukemia cells [14], and ULBP2 is found in melanoma
metastases [15] or ovarian carcinoma cells [16]. These selective expression patterns argue for
the existence of diverse regulatory mechanisms specifically controlling expression of
individual NKG2D-L, dependent on pathophysiological conditions, thus ensuring the
exposure of potentially harmful cells to the immune effectors [17, 18].

The therapeutic induction of human NKG2D-L in cancer or infection is of
considerable interest, but clinical approaches remain restrained by limited understanding of
the precise mechanisms that control expression of individual ligands. The promoters of MICA
and MICB genes contain regulatory elements responsible for heat shock- and oxidative stress-
responses associated with the transcriptional upregulation of MIC levels upon cellular stress
[19]. Recently, the post-transcriptional control of MIC expression has been described,
involving the 3’ untranslated region (3’UTR) of MICA and MICB genes recognized by
microRNAs. Two short sequence segments conserved within the 3’UTR of MICA and MICB
contain binding sites for endogenous cellular and also viral-encoded microRNAs (hsa-miR-

17-5p/-20a/-93/-106b/-373/-520d and hemv-miR-UL122) [20, 21].
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In case of ULBP expression, transcriptional regulation was postulated by the analysis
of the putative promoter regions [22], and binding sites for the transcription factors Sp1, Sp3
and AP-2a were specifically identified within the promoter of ULBP1 [23]. Expression of
ULBP mRNA in the absence of proteins detectable on the surface of various cell types [24-
27] is indicating that, in analogy to MIC ligands, not only transcriptional but also post-
transcriptional mechanisms may regulate the levels of ULBPs [28].

Here we investigated the role of 3’UTR in regulation of ULBPI expression.
Considerable differences in length and sequence of the 3’UTRs of the ULBP genes suggest
that this region plays a role in differential expression of ULBPs. Sequence analysis of 2.4 kb-
long 3’UTR of ULBPI revealed potential binding sites for microRNAs and AU-rich elements
(ARE), the regulatory components of RNA degradation and translational suppression [29, 30].
Using luciferase reporter assays, we show that the full-length 3’UTR of ULBP1 is markedly
involved in regulation of expression of ULBPI in two cancer cell lines, HeLa and Jurkat. This
finding reinforces the role of post-transcriptional mechanisms in modulating the NKG2D-L

levels, which may increase the visibility of tumor cells to the effectors of the immune system.

Material and Methods

Cells
Human cervix carcinoma HelL a cells and T cell leukemia Jurkat cells were cultured in DMEM
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and

Penicillin/Streptomycin (Invitrogen).

Cloning of Luc-expression vectors

The full length 3’UTR of ULBP1 (ULBP1-3’UTR) was amplified by PCR from full-length
cDNA clone IRATp970D01103D (imaGenes, Berlin, Germany) with primers containing Notl
restriction sites, subcloned into pGEM-T vector (Promega, Madison, WI) and inserted into the
Notl site of the Renilla luciferase reporter vector pRL-con [31] (kindly provided by W.
Filipowicz, FMI, Basel) immediately downstream of luciferase coding region to produce
pRL-U1-UTR. Nine fragments Ul-1 to UI-9 were generated by specific PCR amplification
from ULBP1-3’UTR c¢DNA clone with fragment-specific forward and reverse primers
(Supplementary Table 1) and inserted into pRL-con. Mutated fragments of ULBP1-3’UTR,

containing base pair substitutions or deletions in potential microRNA seed sequences or in
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predicted ARE sites, as indicated in the Result section, were ordered from DNA 2.0 (Menlo
Park, CA) and inserted into Notl sites of pRL-con. All products were verified by sequencing.
For stable luciferase expression, we used the lentiviral vector MA1 containing two
expression cassettes driven by a bidirectional promoter [32] (kindly provided by L. Naldini,
Milano). The ALNFGR gene was excised by digest with Xmal and Sall and replaced by the
Renilla expression cassette. The Renilla luciferase gene with and without full-length ULBP1-
3’UTR was amplified from pRL-U1-UTR with primers containing Xmal and Sall restriction
sites, subcloned into pPGEM-T and inserted into the lentiviral vector MA1 to produce LV-RL-
U1-UTR and LV-RL-con, respectively. Lentiviruses were produced as described [33].

Luciferase assay

Jurkat cells (6x10° cells/well) were transfected in duplicates in 24-well plates with 20ng of
luciferase reporter vectors and 250ng of the firefly luciferase vector pGL4.13 (Promega),
using Lipofectamine 2000 (Invitrogen). HeLa cells (4x10* cells/well) were plated in 24-well
plates one day prior to transfection with 20ng of reporter and 150ng of firefly luciferase
vector. pRL-con served as control reporter vector. Renilla and Firefly activities were
measured 48 hours after transfection using the Dual-Luciferase Reporter Assay (Promega) in a
MicroLumat Plus reader (Berthold Technologies, Bad Wildbad, Germany). Renilla luciferase
was normalized to firefly luciferase activity and then to the average activity of pRL-con. In
cells stably transduced with LV-RL-U1-UTR, Renilla luciferase activity was measured with
the Renilla Luciferase Assay (Promega) using equal cell numbers and normalized to the
percentage of GFP expressing cells. Paired Student’s t-test was used to compare the effect of

different reporter vectors on luciferase activity.

Quantitative RT-PCR

Total RNA was isolated using Trizol (Invitrogen). Reverse transcription was performed with
High Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time polymerase chain reaction was performed in duplicates using Power
SYBR Green PCR master mix in an ABI Prism 7000 (Applied Biosystems) and conditions as
described [34]. The following primer pairs were used for quantification of specific mRNAs:
ULBPI forward: 5'-GTACTGGGAACAAATGCTGGAT-3', reverse: 5'-
AACTCTCCTCATCTGCCAGCT-3' [35]; MICA forward: 5'-
ACAATGCCCCAGTCCTCCAGA-3', reverse: 5'-ATTTTAGATATCGCCGTAGTTCCT-3
[36]; Drosha forward: 5'-GCAGTTATTTGGACGCTTGC-3', reverse: 5'-
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AGTTGTCGATCAGTATTTGGC-3"; RPL19 forward: 5'-GATGCCGGAAAAACACCTTG-
3', reverse: 5'-TGGCTGTACCCTTCCGCTT-3' [34]. PCR reactions were normalized to
RPL19 using the 2**“" method [34].

Stem-loop quantitative RT-PCR to quantify expression levels of mature miRNAs
(TagMan microRNA Assays, Applied Biosystems) was performed according to the
manufacturer’s instructions in an ABI Prism 7500 Real-Time PCR system (Applied
Biosystems). PCR reactions were run in duplicates, and miRNA expression, relative to hsa-
miR-16, was calculated [34]. The threshold of microRNA expression level was defined as

ACT(miR-16 — miR-X) >12.

MicroRNA overexpression

Complementary oligonucleotides designed to form artificial pre-miRNA hairpins
(Supplementary Table 2; ordered from Eurogentec, Seraing, Belgium), were annealed by
heating to 95°C for 5 minutes and slow cooling to room temperature, phosphorylated with T4
polynucleotide kinase and inserted into the HindIIl and BgllI sites of a modified pSUPER
vector [37]. The vectors were transiently transfected into Jurkat cells with indicated
concentrations, using Lipofectamine 2000, and FACS, luciferase assay and RNA isolation

was performed 48 hours later.

Drosha knockdown with short hairpin RNA

Lentiviral vectors containing a Drosha-specific SiRNA (LV-shDrosha) or a control shRNA
(LV-shControl), as well as a GFP expression cassette were kindly provided by O.
Mandelboim, Jersualem, Israel) [20, 21]. Transduction efficiency of HeLa cells was assessed
by measuring GFP" cells by FACS. NKG2D-L surface expression and RNA levels were
measured five days after transduction. To perform the luciferase assay, HeLa cells were
transduced with LV-RL-U1-UTR or LV-RL-con, sorted for GFP expression and subsequently
transduced with LV-shDrosha or LV-shControl. Seven days upon the second transduction,

luciferase activity was measured as described above.

Flow cytometry

Cells were stained with unconjugated mouse monoclonal antibodies (mAbs) against ULBP1
(M295; kind gift of D. Cosman, Amgen, Seattle, WA), MICA/B, HLA class I or with mouse
IgG1 isotype (BD Biosciences, Allschwil, Switzerland) at 10 pg/mL and with secondary goat-

anti mouse IgG-FITC (Jackson ImmunoResearch, West Grove, PA) or goat-anti mouse 1gG-
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Alexa647 (Molecular Probes, Invitrogen). Propidium iodide (Sigma, Buchs, Switzerland) was
used to exclude dead cells from analysis. At least 20’000 events were acquired using FACS
(FACSCalibur; BD Biosciences) and analysis was performed using FlowJo software
(TreeStar, Ashland, OR). Surface expression level of NKG2D-L was defined as the mean
fluorescence intensity ratio (MFIR) of values obtained with specific mAbs divided by values
given by secondary or control mAbs [12].

Results

Regulation of ULBP1 expression by 3’°UTR

Since various cells and tissues were shown to express ULBPI mRNA in the absence of
ULBPI1 protein detectable on the cell surface, these discrepancies are suggestive of the
involvement of post-transcriptional mechanisms in regulating ULBP1 levels. Here we studied
the role of the 2.4-kb-long 3’UTR in post-transcriptional regulation of ULPBI1 gene
expression. The reporter plasmid pRL-U1-UTR, which contains the luciferase gene fused to
the full-length ULBP1-3’UTR, was transiently transfected into HeLa and Jurkat cells. The
luciferase activity was significantly decreased to 7%-13% compared to the control plasmid
pRL-con without ULBP1-3’UTR (Figure 1A) Likewise, following stable transduction of
HeLa and Jurkat cells with lentiviral vectors containing the luciferase ULBP1-3’UTR
expression cassette (LV-RL-UI-UTR), we observed a strongly reduced luciferase signal
compared to a control vector LV-RL-con (Figure 1B). These results indicate that the 3’UTR
contains regulatory sequences for ULBP1 gene expression.

To determine the position of regulatory sequences in the ULBP1-3’UTR, we
generated nine constructs pRL-UlI-1 to pRL-U1-9 carrying fragments of ULBP1-3’UTR
inserted downstream of the luciferase gene (Figure 2A). Upon transient expression in HelLa
and Jurkat cells, all fragments led to significant reductions of luciferase activity, as compared
to pRL-con (Figure 2B). The strongest effects were observed with the 5’-terminal 1052 bp-
long pRL-U1-3 (19%+2% and 24%+5% in HeLa and Jurkat cells, respectively), and with the
3’-terminal 669 bp-long pRL-U1-9 (35%+4% and 26%+1%). Within pRL-U1-3, the reduction
was well pronounced with the 367 bp-long fragment U1-5 (40%+3% and 37%+4%), and the
short, 178bp, U1-6 sub-fragment thereof (40%+4% and 40%+1%). Interestingly, none of the
fragments was as potent as the full-length ULBP1-3’UTR, and the effects were seen with
every fragment along the 3’UTR, suggesting that the regulatory sequences are distributed over
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the entire 3’UTR, rather than restricted to specific areas. By examining the sequence of
ULBPI1-3’UTR, we identified a number of potential regulatory elements, including
microRNA binding sites and ARE motifs, and we next investigated their involvement in

regulating the levels of ULBPI.

Role of ARE in regulation of ULBP1 expression

Sequence analysis of the ULBP1-3’UTR indicated the presence of four potential ARE, three
of them located in fragment U1-5 and one in fragment U1-9. ARE motifs within the 3' UTR
of mRNAs are crucial determinants of transcript instability in mammalian cells [30]. To
determine the contribution of these elements to ULBP1 post-transcriptional regulation, we
generated mutated fragments of U1-5 and U1-9 (Figure 3A) in which the ARE were altered
by base pair substitutions, giving rise to vectors pRL-U1-5-AREmutl (ATTTA to ATGTA)
and pRL-U1-5-AREmut2 (ATTTA to AGGGA) or pRL-U1-9-AREmut2 (ATTTA to
AGGGA). In addition, we mutated an ARE-like site ATTTTA located in fragment U1-5 (to
ATGTTA or AGGGGA; see also Supplementary Figure S1). Following transfection of
unmutated pRL-U1-5 and pRL-U1-9 and their mutated counterparts to HeLa and Jurkat cells,
we found that the mutations did not lead to an increase in luciferase activity (Figure 3B), as
would be expected from inactivation of RNA destabilizing sites. Instead, the luciferase
activities were reduced with individual mutated constructs in both HeLa and Jurkat cells (to
60.5% - 86.6% of control vectors; Figure 3B). These results indicate that ARE sites are not
responsible for reduced luciferase activity with U1-5 and U1-9 constructs, and it is therefore

unlikely that they are involved in the suppression of ULBP1 transcript levels.

Role of microRNAs in regulation of ULBP1 expression

We next examined the role of microRNA-binding sites as regulatory elements within the
ULBPI1-3’UTR. MicroRNAs are important players in post-transcriptional regulation [38, 39].
In an attempt to identify the microRNAs that target ULBP1 mRNA, we used computer
algorithms to search the ULBP1-3’UTR for potential sites recognized by cellular microRNAs.
The accuracy of programs to predict microRNA binding sites in ULBP1-3’UTR is limited
because human ULBPI does not show sequence conservation with NKG2D ligands from
other species, which is one of the criteria used by most of these programs. Using the four
different programs, TargetScanHuman v.4.2 and v5.1[40], DIANA microT v3.0 [41], EIMMO
v3 [42], and Micro-Inspector v1.5 [43], more than 200 potential microRNA were predicted to
target the ULBP1-3’UTR. By focusing on U1-6 and U1-9 fragments, as based on their strong
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suppressing effect on luciferase activity (see Figure 2B), we selected 13 microRNAs predicted
by more than one program to bind to U1-6 or U1-9, or to have at least two binding sites in the
full-length ULBP1-3’UTR (Supplementary Figure S2).

First we examined whether any of these candidate microRNAs are expressed in Jurkat
and HeLa cells. Using quantitative PCR we found miR-140 and miR-650 expression in Jurkat
cells and miR-140, miR-409, miR-433 and miR-650 in HeLa cells (Figure 4A). All other
miRNAs were either not present or were weakly expressed below the threshold defined
according to miR-16, used in the assay as the housekeeping microRNA. To determine
whether candidate microRNAs are involved in recognition of ULBP1-3’UTR and lead to
reduced reporter luciferase activity, we generated mutants of fragment U1-6 by introducing
base pair deletions or substitutions which should prevent the pairing of miR-140/-380/-409/-
433/-650 to the predicted binding sites (pRL-Ul-6sub and pRL-Ul-6del constructs: see
Supplementary Figure S3). In comparison to unmutated pRL-U1-6, mutated vector pRL-U1-
6sub produced a statistically significant increase in luciferase activity in Jurkat cells, and also
all other mutated fragments showed a similar tendency (Figure 4B), suggesting that at least
some of the candidate microRNAs expressed in HeLa and Jurkat cells may contribute to
regulation of ULBP1 within the region U1-6 of 3’ UTR.

To validate the microRNA involvement in regulating ULPB1 transcript levels, we
overexpressed several candidate microRNAs and examined whether high levels of these
microRNAs lead to a decrease in ULBP1 surface expression. By transient co-transfection of a
mix of six microRNA-overexpressing vectors (pSUPER-miR-140/-380/-381/-409/-433 and -
650) into Jurkat cells, we achieved microRNA levels that were 2.5-fold (miR-381) to 252-fold
(miR-650) higher than the endogenous levels of respective microRNA (Figure 5A). When
microRNA overexpressing plasmids were co-transfected with luciferase reporter vectors
(pRL-U1-UTR or the pRL-U1-6 or U1-9), the luciferase activity was not altered (Figure 5B).
No reduction of luciferase activity in the presence of increased microRNA levels is arguing
against the involvement of these selected microRNAs in regulating ULPBI transcript levels.
Consistent with this observation, also the surface expression of ULBPI protein was not
affected in pSUPER-miR transfected Jurkat cells (Figure 5C). Unchanged was also the
surface expression of HLA-ABC molecules (data not shown), as an indication of lack of
potential unspecific off-target effects of microRNA overexpression. Based on these results,
we were unable to demonstrate a specific modulatory role of the six candidate microRNAs in

the regulation of the regions U1-6 and U1-9 of ULBP1-3’UTR.
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Role of Drosha in regulation of ULBP1 expression

Since the results described above did not identify specific microRNAs which are potentially
involved in regulation of ULBP1 expression, we used an approach of knock-down of Drosha,
a crucial component of microRNA biogenesis [44]. We transduced HeLa cells with a
lentiviral vector expressing the short hairpin RNA directed against Drosha (LV-shDrosha)
[21], and obtained a 2.3-fold reduction of Drosha mRNA levels (Figure 6A). In agreement
with the known involvement of microRNAs in regulating MICA [21], the MICA mRNA level
in transduced HeLa cells was increased by 1.4-fold (Figure 6A). However, we found no
analogous increase in ULBP1 mRNA, the levels of which were even reduced by 50% (Figure
6A). Accordingly, when HeLa cells were transduced with LV-RL-U1-UTR, Drosha knock
down had no effect on luciferase activity, which remained at a similarly low level of
approximately 10%, as in cells transduced with LV-shControl (Figure 6B). Furthermore,
ULBPI1 surface expression remained low in LV-shDrosha transduced cells, while MICA
surface expression was markedly up-regulated from MFIR 11.7 to 17.1 (Figure 6C). In order
to assess whether HeLa cells are capable of expressing cell surface ULBP1 at enhanced
levels, we performed a control experiment by transfecting cells with the ULBP1 expression
vector RSV.SULBP1 [45]. As a significant proportion of transfected cells (41%) expressed
high surface levels of ULBP1 (Figure 6D), we conclude that absence of ULBP1 up-regulation
in Drosha knock-down HeLa cells is not due to intrinsic limiting factors. The fact that the
knock-down of Drosha was sufficient to increase MICA but not ULBP1 expression may
indicate that ULBP1 is regulated by mechanisms other than microRNAs. At the same time,
we cannot exclude that microRNAs which are less sensitive to Drosha downregulation could

target the 3’UTR of ULBPI.

Discussion

NK and T cells constitutively express the activating receptor NKG2D at high levels.
Therefore, the control of expression of the corresponding NKG2D-Ls is essential for
preventing a spontaneous NKG2D-mediated cytotoxicity against healthy neighboring tissue,
while directing the immune response towards infected or transformed cells. The complexity of
multiple known NKG2D-Ls is also reflected in multiple mechanisms underlying the induction
and expression of individual ligands at the transcriptional, post-transcriptional, and post-

translational levels, as extensively demonstrated with the members of MIC ligand family [21].
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In comparison with MIC ligands, knowledge on the mechanisms of expression of ULBP
ligand family members remains fragmentary. In this work, we studied the involvement of
post-transcriptional mechanisms in regulation of ULBP1, and we provide the first evidence
that 3’ UTR plays a role in regulating ULBP1 expression in cancer cells.

Among the ULBP genes, ULBP1 contains the longest, 2.4 kb-long 3’UTR [25]. The
regulatory potential of this region was shown in the functional assays employing the full-
length 3’UTR of ULBPI fused to a luciferase reporter gene. Up to 14-fold suppression of
luciferase activity was observed in Jurkat and HeLa cells after transient transfection as well as
stable transduction with lentiviral vectors. Also fragments of ULBP1-3’UTR, which ranged
from 178 — 1152 bp, had a suppressive effect, although to a lesser degree compared to the
full-length 3’UTR. There was no correlation of fragment length and luciferase activity,
suggesting that the regulatory elements are scattered all along the 2.4 kb-long UBLP1-3’UTR.

The apparent involvement of 3’UTR and wide distribution of the putative regulatory
elements suggests microRNAs as candidate regulators of ULPBI. Using several
computational algorithms [40-43], numerous potential microRNA binding sites in ULBP1
3’UTR could be predicted. Among the generated fragments of 3’UTR, we focused on
fragment U1-6, because it was only 178bp long with 9 predicted microRNA binding sites, but
nevertheless led to a significant 2.5-fold suppression of luciferase activity in Jurkat cells. By
performing the expression profile analysis of microRNAs in HelLa and Jurkat cells, the
number of candidate microRNAs was reduced to 6, and we asked whether these play a role in
targeting Ul-6, either by mutating the respective seed sequences or by overexpression of
microRNAs. Our results showed that, on one hand, inactivation of potential microRNA
binding sites in fragment U1-6 led to a significant increase of reporter activity, speaking for
the involvement of these specific microRNAs in the control of luciferase expression. On the
other hand, overexpression of specific microRNAs did not affect reporter activity or ULBP1
surface expression in ULBP1" Jurkat cells, arguing against a role of these microRNAs in
ULBPI regulation. Also, a functionally relevant 2.3-fold reduction of Drosha mRNA by
specific shRNAs, sufficient to increase MICA mRNA and cell surface levels, did not
influence luciferase or ULBP1 expression. Since most of microRNA prediction algorithms
use sequence conservation among species as one of their selection criteria and since ULBP1 is
only found in men and anthropoid apes, the accuracy of prediction algorithms may have been
insufficient to choose the appropriate microRNAs, and this may explain our inconclusive

results.
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Computer analysis predicted four ARE sites in the ULBP1-3’UTR, three in fragment
U1-6 and one in fragment U1-9. We examined their involvement in ULBP1 regulation by
mutating the ATTTA consensus sequence. The inactivation of all four ARE sequences did not
lead to any increase but rather to a significant decrease of the luciferase activity. Thus our
results do not corroborate the possibility that low ULBP1 surface protein levels in many cell
lines and primary cells are caused by ARE-mediated mRNA degradation. Instead the data
indicate that AREs of ULBP1 3’UTR may be recognized by mRNA stabilizing proteins such
as the HuR protein which is expressed in all proliferating cells [46]. Interestingly a correlation
of ULBPI expression and proliferation was described [11], but no link to ARE or HuR
protein levels has been made.

The search for additional regulatory elements in ULBP1-3’UTR revealed a potential
Alu repeat, a non-coding RNA sequence with internal tandem duplications, which belongs to
the short interspersed nucleotide elements [47]. This element at position 473-770 of ULBP1-
3’UTR overlaps with fragments Ul-2 to Ul-6 but does not include the predicted AREs in
fragment U1-6. The mechanism by which Alu elements modulate gene expression are only
little understood [48], but possible interactions with microRNAs have been postulated [49].
Remarkably some microRNAs which may bind Alu sequences were among those described to
regulate MICA and MICB, e.g. miR-17-5p/-20a/-93/-106b/-373/-520d [21]. It is therefore
tempting to speculate that these microRNAs could also target the Alu sequence of ULBPI1-
3’UTR and thereby effectively prevent mRNA translation. The fact that most microRNA
prediction algorithms have excluded repetitive sequences from consideration [40] would
explain why the Alu-specific microRNAs were not among those listed to bind ULBP1
mRNA.

Our results add to the notion that induction of individual NKG2D-L shows distinct
features, which may allow for a differential pattern of their expression. The transcriptional
regulation was reported for both MIC and ULBPI1, yet the contributing transcriptional factors
are different [22, 23]. In this study we demonstrated that ULBP1 expression is regulated also
at the post-transcriptional level, and that similarly to MIC ligands, the regulation involves the
3’UTR. Whereas specific cellular microRNAs target the 3’UTR of MICA and MICB [21], the
role of microRNAs in regulation of ULBP1 remains speculative. Further differences apply to
the regulation of cell surface ligand levels by shedding, shown for MICA and MICB along
with a reduced immunogenicity of NKG2D-L expressing cells [35, 50], but not found with
ULBPI [51]. Given that NKG2D-L expression is crucial for tumor recognition, understanding
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the different gene expression mechanisms is of importance for exploring NKG2D receptor-

ligand interactions in therapeutic strategies to reinforce NK and T cell anti-tumor immunity.

Acknowlegements

The authors would like to thank F. Schaub and S. Sendelov for technical help, V. Jaggin for
cell sorting, I. Beuvink (Novartis Research Institute, Basel) and W. Filipowicz (FMI, Basel)
for helpful discussions and for providing reagents, O. Mandelboim (Hebrew University,
Jerusalem) and A. Steinle (Goethe Universitit, Frankfurt am Main) for providing reagents, W.
Lutz (German Primate Center, Gottingen) and K. Strub (University Geneva, Geneva) for help
with structural analysis of ULBP1 3’UTR.

This work was supported by grants from Oncosuisse OSC 01870-02-2006, Freiwillige
Akademische Gesellschaft, Stiftung fiir hdmatologische Forschung und Krebsliga beider
Basel 08-2007.

References

1. Raulet DH: Roles of the NKG2D immunoreceptor and its ligands. Nat Rev Immunol
3(10):781, 2003.

2. Gonzalez S, Lopez-Soto A, Suarez-Alvarez B, Lopez-Vazquez A, Lopez-Larrea C:
NKG2D ligands: key targets of the immune response. Trends Immunol 29(8):397, 2008.

3. Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F, Xiong N, Knoblaugh S, Cado D,
Greenberg NM, Raulet DH: NKG2D-deficient mice are defective in tumor surveillance in
models of spontaneous malignancy. Immunity 28(4):571, 2008.

4. Cerwenka A, Baron JL, Lanier LL: Ectopic expression of retinoic acid early inducible-1
gene (RAE-1) permits natural killer cell-mediated rejection of a MHC class I-bearing
tumor in vivo. Proc Natl Acad Sci U S A 98(20):11521, 2001.

5. Jamieson AM, Diefenbach A, McMahon CW, Xiong N, Carlyle JR, Raulet DH: The role
of the NKG2D immunoreceptor in immune cell activation and natural killing. Immunity
17(1):19, 2002.

6. Groh V, Bruhl A, El-Gabalawy H, Nelson JL, Spies T: Stimulation of T cell
autoreactivity by anomalous expression of NKG2D and its MIC ligands in rheumatoid

arthritis. Proc Natl Acad Sci U S A 100(16):9452, 2003.

124



VI. APPENDIX

10.

11.

12.

13.

14.

15.

16.

Hue S, Mention JJ, Monteiro RC, Zhang S, Cellier C, Schmitz J, Verkarre V, Fodil N,
Bahram S, Cerf-Bensussan N, Caillat-Zucman S: A direct role for NKG2D/MICA
interaction in villous atrophy during celiac disease. Immunity 21(3):367, 2004.

Bahram S, Inoko H, Shiina T, Radosavljevic M: MIC and other NKG2D ligands: from
none to too many. Curr Opin Immunol 17(5):505, 2005.

Sutherland CL, Chalupny NJ, Schooley K, VandenBos T, Kubin M, Cosman D: UL16-
binding proteins, novel MHC class I-related proteins, bind to NKG2D and activate
multiple signaling pathways in primary NK cells. J Immunol 168(2):671, 2002.

Bacon L, Eagle RA, Meyer M, Easom N, Young NT, Trowsdale J: Two human
ULBP/RAET1 molecules with transmembrane regions are ligands for NKG2D. J
Immunol 173(2):1078, 2004.

Cerboni C, Zingoni A, Cippitelli M, Piccoli M, Frati L, Santoni A: Antigen-activated
human T lymphocytes express cell-surface NKG2D ligands via an ATM/ATR-dependent
mechanism and become susceptible to autologous NK- cell lysis. Blood 110(2):606,
2007.

Nowbakht P, Tonescu MC, Rohner A, Kalberer CP, Rossy E, Mori L, Cosman D, De
Libero G, Wodnar-Filipowicz A: Ligands for natural killer cell-activating receptors are
expressed upon the maturation of normal myelomonocytic cells but at low levels in acute
myeloid leukemias. Blood 105(9):3615, 2005.

Pappworth 1Y, Wang EC, Rowe M: The switch from latent to productive infection in
epstein-barr virus-infected B cells is associated with sensitization to NK cell killing. J
Virol 81(2):474, 2007.

Poggi A, Venturino C, Catellani S, Clavio M, Miglino M, Gobbi M, Steinle A, Ghia P,
Stella S, Caligaris-Cappio F, Zocchi MR: Vdeltal T lymphocytes from B-CLL patients
recognize ULBP3 expressed on leukemic B cells and up-regulated by trans-retinoic acid.
Cancer Res 64(24):9172, 2004.

Paschen A, Sucker A, Hill B, Moll I, Zapatka M, Nguyen XD, Sim GC, Gutmann I,
Hassel J, Becker JC, Steinle A, Schadendorf D, Ugurel S: Differential clinical
significance of individual NKG2D ligands in melanoma: soluble ULBP2 as an indicator
of poor prognosis superior to S100B. Clin Cancer Res 15(16):5208, 2009.

Carlsten M, Bjorkstrom NK, Norell H, Bryceson Y, van Hall T, Baumann BC, Hanson
M, Schedvins K, Kiessling R, Ljunggren HG, Malmberg KJ: DNAX accessory molecule-
I mediated recognition of freshly isolated ovarian carcinoma by resting natural killer

cells. Cancer Res 67(3):1317, 2007.

125



VI. APPENDIX

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Eagle RA, Trowsdale J: Promiscuity and the single receptor: NKG2D. Nat Rev Immunol
7(9):737, 2007.

Nausch N, Cerwenka A: NKG2D ligands in tumor immunity. Oncogene 27(45):5944,
2008.

Venkataraman GM, Suciu D, Groh V, Boss JM, Spies T: Promoter region architecture
and transcriptional regulation of the genes for the MHC class I-related chain A and B
ligands of NKG2D. J Immunol 178(2):961, 2007.

Stern-Ginossar N, Elefant N, Zimmermann A, Wolf DG, Saleh N, Biton M, Horwitz E,
Prokocimer Z, Prichard M, Hahn G, Goldman-Wohl D, Greenfield C, Yagel S, Hengel H,
Altuvia Y, Margalit H, Mandelboim O: Host immune system gene targeting by a viral
miRNA. Science 317(5836):376, 2007.

Stern-Ginossar N, Gur C, Biton M, Horwitz E, Elboim M, Stanietsky N, Mandelboim M,
Mandelboim O: Human microRNAs regulate stress-induced immune responses mediated
by the receptor NKG2D. Nat Immunol 9(9):1065, 2008.

Eagle RA, Traherne JA, Ashiru O, Wills MR, Trowsdale J: Regulation of NKG2D ligand
gene expression. Hum Immunol 67(3):159, 2006.

Lopez-Soto A, Quinones-Lombrana A, Lopez-Arbesu R, Lopez-Larrea C, Gonzalez S:
Transcriptional regulation of ULBP1, a human ligand of the NKG2D receptor. J Biol
Chem 281(41):30419, 2006.

Groh V, Bahram S, Bauer S, Herman A, Beauchamp M, Spies T: Cell stress-regulated
human major histocompatibility complex class I gene expressed in gastrointestinal
epithelium. Proc Natl Acad Sci U S A 93(22):12445, 1996.

Cosman D, Mullberg J, Sutherland CL, Chin W, Armitage R, Fanslow W, Kubin M,
Chalupny NJ: ULBPs, novel MHC class I-related molecules, bind to CMV glycoprotein
UL16 and stimulate NK cytotoxicity through the NKG2D receptor. Immunity 14(2):123,
2001.

Boissel N, Rea D, Tieng V, Dulphy N, Brun M, Cayuela JM, Rousselot P, Tamouza R,
Le Bouteiller P, Mahon FX, Steinle A, Charron D, Dombret H, Toubert A: BCR/ABL
oncogene directly controls MHC class I chain-related molecule A expression in chronic
myelogenous leukemia. J Immunol 176(8):5108, 2006.

Nedvetzki S, Sowinski S, Eagle RA, Harris J, Vely F, Pende D, Trowsdale J, Vivier E,
Gordon S, Davis DM: Reciprocal regulation of human natural Kkiller cells and

macrophages associated with distinct immune synapses. Blood 109(9):3776, 2007.

126



VI. APPENDIX

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cerwenka A: New twist on the regulation of NKG2D ligand expression. J Exp Med
206(2):265, 2009.

Filipowicz W, Bhattacharyya SN, Sonenberg N: Mechanisms of post-transcriptional
regulation by microRNAs: are the answers in sight? Nat Rev Genet 9(2):102, 2008.
Barreau C, Paillard L, Osborne HB: AU-rich elements and associated factors: are there
unifying principles? Nucleic Acids Res 33(22):7138, 2005.

Pillai RS, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, Bertrand E,
Filipowicz W: Inhibition of translational initiation by Let-7 MicroRNA in human cells.
Science 309(5740):1573, 2005.

Amendola M, Venneri MA, Biffi A, Vigna E, Naldini L: Coordinate dual-gene
transgenesis by lentiviral vectors carrying synthetic bidirectional promoters. Nat
Biotechnol 23(1):108, 2005.

Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D: Multiply attenuated lentiviral
vector achieves efficient gene delivery in vivo. Nat Biotechnol 15(9):871, 1997.
Kralovics R, Buser AS, Teo SS, Coers J, Tichelli A, van der Maas AP, Skoda RC:
Comparison of molecular markers in a cohort of patients with chronic myeloproliferative
disorders. Blood 102(5):1869, 2003.

Salih HR, Antropius H, Gieseke F, Lutz SZ, Kanz L, Rammensee HG, Steinle A:
Functional expression and release of ligands for the activating immunoreceptor NKG2D
in leukemia. Blood 102(4):1389, 2003.

Borchers MT, Harris NL, Wesselkamper SC, Vitucci M, Cosman D: NKG2D ligands are
expressed on stressed human airway epithelial cells. Am J Physiol Lung Cell Mol Physiol
291(2):L222, 2006.

Schomber T, Kalberer CP, Wodnar-Filipowicz A, Skoda RC: Gene silencing by
lentivirus-mediated delivery of siRNA in human CD34+ cells. Blood 103(12):4511,
2004.

Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116(2):281, 2004.

Chen K, Rajewsky N: The evolution of gene regulation by transcription factors and
microRNAs. Nat Rev Genet 8(2):93, 2007.

Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB: Prediction of mammalian
microRNA targets. Cell 115(7):787, 2003.

127



VI. APPENDIX

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Kiriakidou M, Nelson PT, Kouranov A, Fitziev P, Bouyioukos C, Mourelatos Z,
Hatzigeorgiou A: A combined computational-experimental approach predicts human
microRNA targets. Genes Dev 18(10):1165, 2004.

Gaidatzis D, van Nimwegen E, Hausser J, Zavolan M: Inference of miRNA targets using
evolutionary conservation and pathway analysis. BMC Bioinformatics 8:69, 2007.
Rusinov V, Baev V, Minkov IN, Tabler M: Microlnspector: a web tool for detection of
miRNA binding sites in an RNA sequence. Nucleic Acids Res 33(Web Server
issue):W696, 2005.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Radmark O, Kim S, Kim
VN: The nuclear RNase III Drosha initiates microRNA processing. Nature
425(6956):415, 2003.

Steinle A, Li P, Morris DL, Groh V, Lanier LL, Strong RK, Spies T: Interactions of
human NKG2D with its ligands MICA, MICB, and homologs of the mouse RAE-1
protein family. Immunogenetics 53(4):279, 2001.

Peng SS, Chen CY, Xu N, Shyu AB: RNA stabilization by the AU-rich element binding
protein, HuR, an ELAV protein. Embo J 17(12):3461, 1998.

Batzer MA, Deininger PL: Alu repeats and human genomic diversity. Nat Rev Genet
3(5):370, 2002.

Hasler J, Strub K: Alu elements as regulators of gene expression. Nucleic Acids Res
34(19):5491, 2006.

Smalheiser NR, Torvik VI: Alu elements within human mRNAs are probable microRNA
targets. Trends Genet 22(10):532, 2006.

Kaiser BK, Yim D, Chow IT, Gonzalez S, Dai Z, Mann HH, Strong RK, Groh V, Spies
T: Disulphide-isomerase-enabled shedding of tumour-associated NKG2D ligands. Nature
447(7143):482, 2007.

Diermayr S, Himmelreich H, Durovic B, Mathys-Schneeberger A, Siegler U,
Langenkamp U, Hofsteenge J, Gratwohl A, Tichelli A, Paluszewska M, Wiktor-
Jedrzejczak W, Kalberer CP, Wodnar-Filipowicz A: NKG2D ligand expression in AML
increases in response to HDAC inhibitor valproic acid and contributes to allorecognition

by NK-cell lines with single KIR-HLA class I specificities. Blood 111(3):1428, 2008.

128



VI. APPENDIX

Figure legends

Figure 1. Scheme of luciferase reporter constructs and luciferase activity in HeLa and Jurkat
cells. (A) The 2.4 kb full length 3°’UTR of ULBP1 was inserted downstream of a luciferase
open reading frame into the parental vector pRL-con, resulting in pRL-U1-UTR. Luciferase
activities of pRL-con (light grey) and pRL-U1-UTR (dark grey) are shown as means + SEM
(n=14 for HeLa, n=20 for Jurkat). (B) The 2.4 kb full-length 3°’UTR of ULBPI, fused to the
luciferase gene, or the luciferase gene alone, were inserted into a lentiviral vector (LV-RL-con
and LV-RL-UI-UTR, respectively). Luciferase activity was measured 7 days after
transduction with LV-RL-con (light grey) and LV-RI-U1-UTR (dark grey). Results are means
+ SEM (n=8 for HeLa and n=5 for Jurkat).

Figure 2. Luciferase activity of reporter plasmids containing fragments of U1-3’UTR upon
transient transfection into HeLa and Jurkat cells. Results were normalized to pRL-con and
shown as means = SEM (n=2-14 for HeLa, n=2-20 for Jurkat). prom = promoter; luc =

luciferase.

Figure 3. Mutation of ARE in two regions of the U1-3’UTR. (A) Schematic localization of
ARE in fragment U1-5 and U1-9 of the UI-3’UTR. The sequence motifs ATTTA (black
square) and ATTTTA (white square) were mutated by single base substitutions T>G
(triangles) or by substitution of three bases TTT->GGG (black cirlce) and four bases
TTTT->GGGG (white circle), respectively. Mutated fragments were inserted into pRL-con.
(B) Luciferase activity was measured upon transient transfection of wild-type and mutated
pRL-U1-5 (light grey) and pRL-U1-9 (dark grey) into Hela and Jurkat cells and normalized to
the activity of the corresponding wild-type reporter vectors (pRL-UI1-5 and pRL-UI-9,
respectively). Results are means = SEM of duplicates (n=2-5). * =p < 0.05; ** =p <0.01.

Figure 4. Expression of candidate microRNAs and effect of seed sequence mutations on
luciferase activity. (A) Endogenous expression levels of 13 candidate microRNAs were
measured in HeLa (light grey) and Jurkat cells (dark grey). Results are means = SEM (n=1-5
in HelLa and Jurkat). (B) Luciferase activity was measured upon transient transfection of
luciferase vectors, containing seed sequence mutations in fragment U1-6 (pRL-U1-6 2sub and

pRL-U1-6 4del, respectively, see Supplementary Figure S2), into HeLa (light grey) and
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Jurkat cells (dark grey). Luciferase activity was normalized to the activity of the non-mutated

pRL-U1-6 vector. Results are means = SEM (n=2 for HeLa and Jurkat). * = p <0.05.

Figure 5. Overexpression of candidate microRNAs in Jurkat cells. (A) MicroRNA expression
levels were measured upon transient transfection of 300ng pSuper empty (light grey) or co-
transfection of six microRNA overexpression vectors (6x50ng pSuper mix; dark grey) into
Jurkat cells. Results are means = SEM. (B) Luciferase activity was measured upon co-
transfection of 300ng pSuper empty vector (light grey) or 6x50ng pSuper mix (dark grey)
with luciferase reporter vectors. Luciferase activity was normalized to the activity of pRL-
con. Results are means + SEM. (C) FACS analysis of ULBP1 surface expression in Jurkat
cells transfected with pSuper empty (shaded histogram) or pSuper mix (thick line). Thin line:

staining with isotype control Ab and secondary antibody.

Figure 6. Downregulation of Drosha with shRNA in HeLa cells. (A) Measurement of Drosha,
ULBPI1 and MICA mRNA levels upon transduction with LV-shDrosha. The expression level
of each mRNA was normalized to the corresponding mRNA expression level upon
transduction with LV-shCon. (B) The luciferase activity was measured upon co-transduction
of LV-shCon (light grey) or LV-shDrosha (dark grey) and lentiviral luciferase reporter
constructs (LV-RL-con and LV-RL-UI1-UTR). Luciferase activity was normalized to the
amount of GFP" cells and then normalized to the luciferase activity of the control vector (LV-
RL-con). Results are means £ SEM. (C) FACS analysis of ULBP1 surface expression on Hela
cell upon transduction with LV-shCon (shaded histogram) or LV-shDrosha (thick line). Thin
line: staining with isotype control Ab and secondary antibodies. (D) FACS analysis of ULBP1

surface expression upon transfection with RSV5.ULBP1 overexpression vector.

Supplementary Figure S1. Sequence alignment of fragment U1-5 and U1-9 with wild type
ARE and mutated AREs.

Supplementary Figure S2. Predicted binding sites of selected microRNA in ULBP1-3’UTR.

Supplementary Figure S3. Sequence alignment of fragment Ul-6 with predicted and

mutated microRNA seed sequences.
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Supplementary Table S1. Forward and reverse primer sequences used to clone fragments

UlI-1 to U1-9 from ULBP1 3’UTR.

Supplementary Table S2. Forward and reverse primer sequences used to generate

microRNA overexpression vectors.
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vector system fragment orientation sequence
full length, U1-1, U1-2, U1-3 for 5' AA GCGGCCGC GGA GAG TTG TTTAGA GTGACA G 3'
full length, U1-9 rev 5' AA GCGGCCGC TTC CAT TATACA GTG TTT AATTG 3'
u1-1 rev 5' AA GCGGCCGC GCC TTT TGC TGG GAT TTCTTG TT 3!
u1-2 rev 5' AA GCGGCCGC GGC AAC ATA GGA AGA CCCTACCT 3'
u1-3 rev 5' AA GCGGCCGC TTA CAG TTT TAG TACTTATAT TT 3!
ut-4 for 5' AA GCGGCCGC AAG AAA TCC CAG CAA AAG GCATT 3'
ui-4 rev 5' AA GCGGCCGC GAC CAT CCT GGG CAA CAT AGG AA 3'
% u1-5 for 5' AA GCGGCCGC TTC AAA TCT TGG TCT CGA GCA AT 3'
3 g u1-5 rev 5' AA GCGGCCGC TCC AGG ATT TTT ACA GTT TTA GT 3!
;’j ;T U1-6 for 5' AA GTCGAC GCGGCCGC TTC AAA TCT TGG TCT CGA GCA AT 3'
g é U1-6 rev 5' AA GTCGAC GCGGCCGC GGT GTG CAG GTT GAT TTC TGG 3'
£- Ul-6dupl for 5' AA TCTAGA TTC AAA TCTTGG TCT CGA GCA AT 3'
Ul-6dupl rev 5' AA TCTAGA GGT GTG CAG GTT GATTTCTGG 3'
u1-7 for 5' AA GTCGAC GCGGCCGC CCG CCA TCT AAT CTT CAA TAG 3'
u1-7 rev 5' AA GTCGAC GCGGCCGC TCC AGG ATT TTT ACA GTT TTA GT 3!
u1-8 for 5' AA GTCGAC GCGGCCGC TGG AAT ATA ACC TAA GAA ATA CC3'
u1-8 rev 5' AA GTCGAC GCGGCCGC TGT AAT GAA CAT ATT GGT GCA GG 3'
U1-9 for 5' AA GTCGAC GCGGCCGC GTG CTA TTC TCA CCA GCA AG 3'
U1-9 rev 5' AA GTCGAC GCGGCCGC TTC CATTAT ACA GTG TTT AATTG 3'
s85e pRL-con, pRL-U1-UTR for 5' AA TTCCCGGG CTC ACT ATA GGC TAG CCA CC 3'
é 38 %; pRL-con rev 5' AA TTGTCGAC CTA GAA TTA CTG CTCGTT CTTC3'
g3¢&° pRL-U1-UTR rev 5' AA TTGTCGAC CAT TAA CCC TCA CTA AAG GGA A 3'

Table S1 Himmelreich et al.

microRNA Oligo Sequence

miR-140-5p Oligol 5' GATCCCCAGTGGTTTTACCCTATGGTAGTTCAAGAGACTACCATAGGGTAAAACCACTTTTTITGGAAA 3
Oligo2 5' AGCTTTTCCAAAAAAGTGGTTTTACCCTATGGTAGTCTCTTGAACTACCATAGGGTAAAACCACTGGG 3'

miR-380-3p Oligol 5' GATCCCCTATGTAATATGGTCCACATCTTTTCAAGAGAAAGATGTGGACCATATTACATATTTTTGGAAA 3'
Oligo2 5' AGCTTTTCCAAAAATATGTAATATGGTCCACATCTTTCTCTTGAAAAGATGTGGACCATATTACATAGGG 3'
miR-381 Oligol 5' GATCCCCTATACAAGGGCAAGCTCTCTGTTTCAAGAGAACAGAGAGCTTGCCCTTGTATATTTTITGGAAA 3'
Oligo2 5' AGCTTTTCCAAAAATATACAAGGGCAAGCTCTCTGTTCTCTTGAAACAGAGAGCTTGCCCTTGTATAGGG 3'
miR-408-3p Oligol 5' GATCCCCCGAATGTTGCTCGGTGAACCCCTTTCAAGAGAAGGGGTTCACCGAGCAACATTCGTTTITGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAACGAATGTTGCTCGGTGAACCCCTTCTCTTGAAAGGGGTTCACCGAGCAACATTCGGGG 3!
miR-433-3p Oligol 5' GATCCCCATCATGATGGGCTCCTCGGTGTTTCAAGAGAACACCGAGGAGCCCATCATGATTTTITGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAAATCATGATGGGCTCCTCGGTGTTCTCTTGAAACACCGAGGAGCCCATCATGATGGG 3'
miR-578 Oligol 5' GATCCCCCTTCTTGTGCTCTAGGATTGTTTCAAGAGAACAATCCTAGAGCACAAGAAGTTTITGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAACTTCTTGTGCTCTAGGATTGTTCTCTTGAAACAATCCTAGAGCACAAGAAGGGG 3'
miR-650 Oligol 5' GATCCCCAGGAGGCAGCGCTCTCAGGACTTCAAGAGAGTCCTGAGAGCGCTGCCTCCTTTTTTGGAAA 3'
Oligo 2 5' AGCTTTTCCAAAAAAGGAGGCAGCGCTCTCAGGACTCTCTTGAAGTCCTGAGAGCGCTGCCTCCTGGE 3

Table S2 Himmelreich et al.
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